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INTRODUCTION 

This Interim Progress Report presents a discussion of the work 

Separate discussions of the  a c t i v i t y  i n  each 
performed on Contract NAS 9-879 during the period from 7 November 1962 
through 7 January 1963. 
of the  give pr incipal  Work Task areas have been included. 
emphasis during t h i s  period was placed on completion of Taek 1, the 
Micrwave versus Optical Canmmication Systems Coritparison. Other t a sk  
areas, such as the Technological Studies and the Operations and Svstem 
Analysis were executed i n  a manner which would permit tineljr contritu- 
tim for the  support of t h i s  effort. These contributions,  aa w e l l  aa 
addi t ional  materiel, are a180 Included. 
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1 :3 MICROWAVE-VS-OPTICAL COMMUNICATION CWPARISON 

For the purp33e of cmparing m i  : n , , d \ e  a r d  opt i ce l  c a m m i c a t i o n  systems, 
the work organizat isn f l o w  chart  shxm i n  Figure 1.1 has been adopted. The 
left s ide  of the char: shows the  ceceeaary preliminary inputs  from the a reas  of 
Operations and Systems Analysis, Components Analysis,  and Comunication Theory. 
The t radeoff  proper begins with a derivation of the  fundamental range equations 
and i n  successive stepij, reduces the  number of parameters under consideration 
t o  e s s e n t i a l l y  two: t o t a l  spaceborne weight, and frequency. Coneidering the  
short  time scale avai lable ,  and the d i f f i c u l t y  i n  obtaicing r e l i a b l e  data  over 
the  enormous range of possible  operating fregdenciee, it has been necessary 
t o  conaider only 4 selected frequencies of transmission, 3 gc, 50 gc, 127 TC 
and 430 TC. The development ult imately gives a t heo re t i ca l  maximum b i t  r a t e  
per pound of payload weight at the  eelected frequencies. A l l  parameters a r e  
then re-evaluated in l i g h t  of expected fu ture  developments and the system per- 
formance f igures  a re  correependingly b?graded, giving not only an estimate of 
fucure s y s t e m  capabi l i ty ,  bur: w m e  fee l  f o r  which cmponente a r e  i n  c r i t i c a l  
reed of improvement. 

1.1 THE ELECTRWGNETIC PROPAGATION RANGE EQUATION 

The following paragraphs a r e  concerned with the der ivat ion of the fami l ia r  
range equation" for one way e l ec t rmsgne t i c  propagation between d i f f r a c t i o n  

l imited citcular t ransmit t ing and receiving aperrures .  The transmission path 
is assmed t o  be loss-free.  

I 1  

The f r ac t ion  of the transmitted power which is received w i l l  be equal t o  the  
r a r i o  Of the receiving antenna area t o  the CKOSS sec t iona l  a r ea  of the transmitted 
beam a t  the receiver.  

P and Pt a r e  the  received and t rarsmit tcd powers, respect ively;  A r r 
receiver  aper ture  area, 8,  is the  transmitted beam cone half  angle, and R is the  
dis tance between t r a w m f t t c r  and receiver.  Using the  appropriate expression f o r  
the d i f f r a c t i o n  l imited bermwidth: 

i s  the  

And the  geometrical r e l a t i o m h i p :  
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gives : 

where At i s  the rrapsnlicter apert.are area, X is the f r e e  space wavelength, and 

d is  the  diameter of the Lranamitter aper ture .  
t 

The gain of a d i r ec t ive  radiator  i s  given by the r a t i o  of the s o l i d  angle 
about a point t o  the  so l id  angle of the d i r e c t i v e  beam. 
l imited c i r c u l a r  aper ture  t h i s  is given by: 

For a d i f f r a c t i o n  

2 G = 2.69 d 
a2 

In terms of the  gains of the r a d i a t h g  elemetts, then: 

Successive elements of t h i s  equation w i l l  be subjected t o  parametric 
ana lys i s .  

1.2 OPTICAL TRANSMISSION CONSIDERATIONS 

V i t a l  to t.he progress of any compartaon of microwave and op t i ca l  comunica- 
t i o n  systems i s  a preliminary optimization of the  possible  op t i ca l  transmission 
paths.  The several  path schemes are:  

(1) Direct op t i ca l  l i nk  between e a r t h  and deep space vehicle  (DSV). 

(2) Microwave l i n k  t z i  a r t i f i c i a l  earch o rb i t i ng  s a t e l l i t e  and op t i ca l  
link from s a t e l l i t e  t o  DSV. 

( 3 )  Micrclwave l i n k  to m c m  with op%iical link frum moon t o  DSV. 

The r e l a t i v e  m e r i t s  of each of these a l t e r n a t i v e s  must be evaluated on the 
bas i s  of the following cr i ter ia :  

(1) Performance and state of the a r t  i n  ea r th  t o  ea r th  s a t e l l i t e  
microwave caxnunica 2 ion. 

(2) Optical artecru gain l imitat ions f o r  s a t e l l i t e  and ground based 
s ta t iona .  

(3) Atmospherics - refraction, disperr ion,  and abeorption. 

(4) Stabi l iza t ion ,  point ing and t rack ing  problems of ground based and 
sa te l l i t e  bawd op t i ca l  anCenms. 

( 5 )  Optical tramemitter and receiver l imi ta t ions  f o r  ground and 
S a t e l l i t e  baeed cquipmsn,t. 
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( 6 )  . bekgrscnd m i s e  e rx i rcment  f o r  rhe 2 3 ~ c h  and s a t e l l i t e  based 
op t i ca l  a m m i c a t i o n  etazions. 

(7) Cost and coverage analysis  of ear tn  and s a t e l l i t e  based op t i ca l  
scation$. 

Since the transmission of infamat ion  from the  e a r t h  t o  the deep space 
vehic le  cons is t s  primarily of f a i r l v  i e i su re ly  couamnds and interrogat ions,  
it has been assumed that the  limit of system performance w i l l  be more c lose ly  
approached i n  t h e  deep space vehicle  to ea r th  comnunication d i rec t ion .  
for th ,  only e f f ec t8  per t inent  to information flow i n  t h i r  d i r ec t ion  have been 
considered. 

Hence- 

It is expeczed that, i n  view of the present c a p a b i l i t i e s  of microwave 
~ m u n i c a t i o n  between ground s t a t ions  and ea r th  o rb i t i ng  s a t e l l i t e s ,  very 
l i t t l e  system degradation can be introduced by the Ictermediatc r . f .  l ink.  
Microwave comunieation at  lrznar distances p r e ~ e n z a  eomewhat more of a pro 1 my 

(lo8 b i t s  per second by ea r ly  1964), it appears a s  i f  the problems inherent 
t o  the inclusion of &I= i n t emed la t e  micrcwvve 1ir.k may j a s f i f i a b l y  5e 
neglected f o r  purposes of the present t radeoff .  

but i n  view of the ant ic ipa ted  p e r f o m n e e  of NASA operated DSIF equipment P I 7  

Optical antenna gain l imi ta t ions  due t o  atmospheric e f f e c t s  such a s  
d isper r ive  beam broadening and short  term atmoaphsrlc d i f f r a c t i o n  f luc tua t ions  
tend to  sh i f c  the opthum oFt ica i  t r a r m i s s i o n  path ir. favor of a s a t e l l i t e  
Dased receiver  8 x z i o ~ .  
arrtenna 1beamwid:h t >  li= microradians, while fiu=tuatfons i n  atnospheric d i f f r a c -  
tion at rates greater  than 1 cycle per s e x n d  t yp ica l ly  QCCUP a t  amplitudes of 
25 microradians a t  zenith. The requirements on servo systems which will n u l l i f y  
the  e f f e c t s  of t h i s  motion f o r  large astronomical mirrors  a re  great,  hence one 
can i n f e r  a prac t i za l  25 microradian bean l i m i t  f o r  an ea r th  based op t i ca l  
s t a t i o n .  Tkis cor respmie  t o  a s i r l  l f m f t a t i m  of lo3 db above i so t ropic .  
These e f f e c t s  are, sf co,rie, of negl igible  proportions i n  the lunar atmosphere 
and i n  the  emironment of an a r t i f i c i a l  ear th-orb i t ing  satellite. 

Diepereiolr e f f ec t3  w i l l  t f l f c a i l y  broaden an op t i ca l  

S tab i l iza t foc ,  pointing, a d  tracking wxurac ies  of 0.1 t o  1 microradian 
In  view of the have been real ized iri large ea r th  based ae’l:snoPical mirrors.  

25 microradian Seam l i m i t  imposed c n  such devices, s t ab i l i za t ion ,  paint ing and 
t racking w i l l  not 5e a problem. Accuracies apprcaching the above mentioned 
l i m i t s  apparently are  rGt G u t  of t5.e qces:ion i n  a r t i f i c i a l  s a t e l l i t e  appl ica-  
t i o n s  - indeed 1 microradian a x t r a c i e e  have t e e 2  proposed for the  Orbiting 
Astronomical Obsewatexy (OAO) Project . 
t i o n  3x1 %he o rb i t i ng  mirror system which eozrc6ponas t o  a gain l imi ta t ion  of about 
125 db9 a nmber carsistent v i t h  the use of a 30 inch diameter mirror aboard the  
sr;itfrag vehicle .  
ard r,cqon,ent techislogy . 

Theee a c c ~ r o c i e s  impose a beam l imi ta -  

This bite and weight appears c ~ p a t i b l e  with present payload 

~~ ~~ 

“Radio and Optical Space Ccmniurdcwtfsne”, Potter, Stevens and Wells. 
contract  NAS 7-lW. 

NASA 
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OpZical t ransmi t te r  and reLelver capabi l i ty  a s  a function of weight and 
cos t  is an important input t o  t h i s  op t i ca l  path optimization. 
shows that the  performance of receiver f ac to r s  such a s  de tec tors  and demodu- 
l a to r s ,  which a re  important t o  the  transmission from DSV t o  earth, a r e  not 
g r e a t l y  enhanced by additform1 size and weight. 
are continuing, f o r  the present 
formance is essen t i a l ly  the same f o r  a l l  geometrical conffgurations considered. 

A br ie f  ana lys i s  

While s tud ies  of t h i s  nature 
we have assumed t h a t  op t i ca l  receiver  per- 

Results of a preliminary analysis  of o p t i c a l  background e f f e c t s  a t  the 
d is tances  of i n t e r e s t  (included elsewhere i n  t h i s  report)  show that i n  a l l  
cares except one, receivers a re  photon noise l imited r a the r  than background 
limited.  
f i e l d  of view. 
and background noire i r  not a fac tor  i n  t h i s  t radeoff .  
when one attemptr t o  receive through the daytime rky. 
impores an addi t iona l  r e r t r i c t i o n  upon the  ea r th  based o p t i c a l  l ink,  l.e., 
confinement t o  night time reception with an at tendant  i nc rea r t  i n  the  nmber  
of r t a t i o n s  and t o t a l  coot for f u l l  coverage unless one were wi l l i ng  t o  accept 
the degradation due t o  daytime reception. 

This means t h a t  the  received noise power is independent of receiver  
Thus no penalty is paid f o r  ur ing high gain receiver aperturer ,  

The exception occurr 
Thi-r viewing condition 

The r e s u l t s  of a preliminary cost and cwerage  ana lys i s  f o r  t he  conridercd 
o p t i c a l  paths i r  presented i n  Table 1.1. The f i r r t  two e n t r i e s  r e f e r  t o  the  
use of a 24 hour synchronous comnunication s a t e l l i t e .  Only one such s t a t i o n  
is needed f o r  continuous reception and in te r roga t ion  of t he  DSV, but equipment 
r e l i a b i l i t y  f igures  could d i c t a t e  the need for a second, redundant s t a t ion .  
The qu3ted r e l i a b i l i t y  f igures  re fer  t o  one conrmerical qua l i t y  TV channel, 
whereas deep space probes would require only a reduced capabi l i ty .  
f igures  do not include o p t i c a l  equipment, but complete ground s t a t i o n  cos t  
is included. The second t w o  en t r i e s  r e f e r  to  the  use of more or less conven- 
t i o n a l  large op t i ca l  mirrors  a t  ground locations.  In  order t o  p r w i d e  the  
capabi l i ty  f o r  continuous reception, deser t  locat ions were chosen Over moun- 
tainous regions because of a lower occurrence of cloud cover. The estimates of 
ground s t a t i o n  number mmt, i n  a l l  fa i rness ,  be modified by a rigorous survey 
of long term weather conditions. This is being contemplated a t  present.  

Cost 

The somewhat conepiccous absence cf any cos t  estimates on lunar based 
operations is due t o  the  d i f f i c u l t y  arid expense of providing the  required 
number of lunar s t a t i o n s  and assuring t h e i r  operat ional  r e l i a b i l i t y .  

Recourse t o  the  above analysis  shows that a net  increase i n  received 
s igna l  sower MY be rea l ized  by use of an o p t i c a l  l i nk  between DSV and ea r th  
satel l i te  instead of a direct l i nk  between DSV and ear th .  This  increase 
amounts t o  about 23 db f o r  average atmospheric conditions, assuming 1.5 db 
degradation tesu1tir.g from absorption cf  op t i ca l  r ad ia t ion  by the  e a r t h ' s  
atmosphere. 
i n  increased information transmission, lower DSV weight, and decreased DSV 
bulk. A l l  t h i s  m v  evident ly  be accomliehed at l i t t l e  or no cos t  increase.  

An e f f ec t ive  power increase of t h i s  magnitude can be r e f l ec t ed  

--0 . 
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TABU 1.1 

I -  Equipment 
No. of Recc i v u  Reliabi l i ty  Microwavelink Ca~ac i ty  Coverage Cost 

1 (Synchronow) 97O/, 4 Commercial Tv 10Oo/, #12M 

2 (Synchronous) 99. go/, 4 Commercial Tv 100°/o #22M 

3 (Ground) --- --- 990/,(2) #7.5M(3) 

6 (Ground) --- I-- 99.990/i2) #15M 

NOTES : 

(1) Based on Advanced Project Syncam estimates. 

(2) 

(3) 

Based on estimated 4 cloudy days per year at selected desert locations. 

Bared on average cost for a 100 inch parabolic mirror installation. . 
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1 .3  ANTENNA SYSTM GAIN 

The f i r s ?  cf tbe parametric af ia l jSe9  t o  be performed i n  the over- 
a l l  optical v i i s u ~ i  m ~ r ~ w a v e  trazeaf f corxerils the spacecraft  and ground- 
based ancrrxa syster! s. S ~ e : e c z a Z t  ii?:epcas w i l l  be ccnsidered f i r s t .  

The p r q e r r h s  ef aisccc-raf t  anzenms for the  frequency range 100 mega- 
cycles  ta 10 gigacycles a r e  fo i r l ,  will known and documented. 
have been pzeserted r e l e t i n g  g i n  to oFerating frequency with antenna w e i g h t  
as a parameter. One of these 91) forms the  breis f o r  the data  presented in 
Figtire 1.2. 
techniques, which a re  va l id  over r ea t r f c t ed  frequency rangee, a r e  presented 
i n  the  same f igure.  Appendix A, r t  the end of t h io  section, shows the  
der iva t ion  of these welght-gain-fregueney relat ionships .  Study of the  
cumes  shows that over the  en t i r e  frequency spectrmn, antenna gain per  
un i t  weight terds t z  increase romcwhat more rlowly than the inverse rqure 
of frequency. 
a t  higher operating frequencies e x l a t a .  

Various cumer  

The resu l t s  of antenna deeigr, sttidies of var ious construct ion 

I n  s p i t e  of t h i r ,  the pooaib i l i ty  of overa l l  gain enhancement 

In order t o  realize any a&a?rrga from a ground based antenna syrtam, 
Prac t ica l ly ,  t h i s  meam a highly dircczive aperture  must be consfdered. 

parabolic r e f l e c t o r  which may be raid t o  be large in terms of wavelength 
uni t s .  
uni te)  has been reproduced from a Handbook ef a onaut ical  E n n i n e e r u .  
Typical f r ac t iona l  marufacturing tolerance for the  microwave region ha0 been 
shown as a parameter, althucgh the cL.:ve € 8  universal ly  appl icable  for d i f f r a c  
t i o n  l i m i t e d  paraS~?oids .  Optical t o l e r a r ~ c s  can be much b e t t e r  than one pa r t  
of 4000 i f  reasonable care is taken. In  the prac t i ca l  l i m i t ,  atmospheric 
e f f e c t s  w i l l  place an upper bound on the gains possible  with n parabolic 
re f lec tor ,  In  support of the preceding statement, consider the following 
t ab le  which r e f l e c t s  sent a ta re  of t he  ar t  l imi ta t ions  of microwave 

Figure 1.3, which rhowr the gain va r i a t ion  with r i z e  ( i n  wavelength 

paraboloid diameters. E7 
D (f+) 

75 200 

25 153 

iz 1X. 

6 120 

3 1% 

19s 13) 

x (cm) LGzc-nd Based) . 

G.E. Mueller, "A Pragmatic &;roach to  Space Communicatic:{ Proc. IRE, 
Apri l  1950, page 559. 
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b ”  

W P’ pP 
Prime Power 

These gain limits a re  frequency sens i t ive  and have been calculated a s  7Odb 
f o r  r ad ia t i cn  at  10 gigazycles and about 103 db a t  a representat ive op t i ca l  
frequency. (7000 A ) .  Scsctg information a t  intermediate frequencies pro- 
h i b i t s  ca lcu la t ion  of gain limits a t  f requercies  other  than these. Unti l  
t he  advent of mcre Eophfetichted rcflectc;r  crieri t ing servos, we must evidently 
l i v e  with these l imi ta t ions  f o r  ground based receivers .  

*TR 
--+ Transmitter Power pR = (1-q) pP 

1.4 TRANSMITTED POWER 

c 

Extensive l i t e r a t u r e  ourveys presented eleewhere i n  t h i s  report  bring 
t o  light a great  deal  of in fomat ion  on the  present power capabi l i ty  of 
o p t i c a l  c a r r i e r  generatorr. In  addition, the a r t  of carrier generation a t  
radar  frequencies is well documented. A brief, def in i t i ve  suuunary is 
presented in Figure 1.4. Unfortunately, laser experimenters have only 
supe r f i c i a l ly  reported the  convcrrion e f f i c i enc ie s  and weights of t h e i r  
devices. 
f 01 lowr : 

Representative values fo r  the ruby ard  CaF .D * l a se r s  a re  as 
2’ Y 

C 

-m?.!?- L F + Mcde Wei&ht* -- Pc c.ic L: 

CaF :D ++ 2.36~ .a cw 5 l b  1 w a t t  

.01 cw 5 l b  1 w a t t  

.01 Pulsed 5 lb 3 K watts 

2 Y  

Ruby 6gY 
Ruby 69y 

Transmitted 

Power pT = ?pp 
. - 

* Exchding prime power supply and energy storage devices. 

1.5 TRANSMITTER PACKAGE WEIGHT 

A knowledge of t ransmi t te r  eff ic iency,  output power and weight allows 
the  der ivat ion of a re la t ionship  between t o t a l  t ransmi t te r  package weight 
(including cooling surfaces and prime power supply) and eff ic iency.  
following block diagram depic ts  the power flow within the  prime power- 
transmitter-cooling surface syszem arid shows associated subsystem weights. 

The 

i 1 , 
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According t o  the Stefan-Boltanan rad ia t ion  law, the  amount of radiated 
power from a surface a€ area %, form fac to r  f and temperature T is given by: 

We w i l l  assume a tom fac to r  of .5, which is very s l  ght ly  opt m i s t i c ,  and a 
value f o r  the  Stefan-Boltzman constant of 5.12 x 10-4 w/ft2 %'. Re-arranging 
terms, we ob ta in  : 

Thir re la t ionship  rhowe that a considerable reduction i n  r ad ia t ive  
surface may be gained by operating the surface a t  high absolute  temperature. 
We must ar~rrm~, however, that environmental l imi ta t ions  on our equipment 
p roh ib i t s  greatexcuraionefrom a temperature of 300OK. 
giver,  i n  a senae, a worst case estimate cf rad ia t ive  rurface weight. 
addition, the oyatemr and operations ana lys i s  port ion of t h i r  report  p r e r m t r  
an average value of 9 poundr of weight penalty per rquare foot  of r ad ia t ive  
rurface.  We obtain, f o r  the tutal weight of r ad ia t ive  rurface:  

Thir areumption 
In  

The weight of the prime power supply can be given by: 
D 

W = DP 
P P 

= D ' T  

ll 

The total  weight of prime power supply and 
where D is an inverse power density, typ ica l ly  0.1 pounds per watt for the  
caae of so l a r  ce l l  prime power. 
r ad ia to r  i s  typ ica l ly :  

P k -  WT = w + WR = .1J + .435 PT 
P 

Be-arranging terms : 

1 
= - (0535) - 0435 - wT 

pT r) 

Thi r  re la t ionship  is plo t ted  i n  Figure 1.5 and is used a8 a bas i s  f o r  der iving 
weights arsocfated with a par t icu lar  transmitted power and conversion 
eff ic iency;  
cant  port ion of transmitted power, Figure 1.5 may a l s o  be used to  ca l cu la t e  
weights associated with prime power and cooling of t h e  modulator. 

In  the  event t h a t  modulator power requirements become a s i g n i f i -  

1 2  





1.6 COBMTNICATION AND INFOBMATION THEORY CONSIDERATIONS 

S t a r t i n g  with the  estimates of minimum acceptable e r r o r  r a t e  f o r  
d i f f e r e n t  modes of data  t ranmisa ion  presented elsewhere i n  t h i s  report ,  
and assuming the  e r r o r  r a t e - t o  be given by: 

pe a - s,NR 
2 e  

one may def ine a minimum accc tab le  rigrul t o  noire r a t i o  (SNE) 
e r r o r  r a t e  requirement of gives a minlmsn SNR of about 10 db, The 
exprerr ion r c l v t i n g  e r r o r  r a t e  te  SNR i r  ac tua l ly  r t r f c t l y  va l id  only in 
t he  prerence of White-Gausrirn noire. While t h i r  araumption i r  c l e a r l y  
v a l i d  a t  microwave frequencicr, it i r  not necer rar i ly  ttur i n  the  presence 
of quantum noire. 
i r  not f a r  from correct. 

A t yp ica l  

Bert prercnt  e r t i n u t e r  ind ica te  t ha t  the re la t ionrh ip  

This problem l a  diecurred In somewhat grea te r  d e t a i l  i n  t he  Optical  
Detection Section of t h i r  report, and w i l l  be a subject  of continuing rtudy 
f o r  the following rtudy pharc. 

1.7 SYSTEM NOISE 
-. 

Pert inent  r e r u l t s  of background and quantum noire  s tud ies  conducted 
under the  Systems Considerations port ion of t h i s  report  a r e  summarized i n  
Figure 2-18,which shaws the sum of pkoton noise and background noise ar 
a function of channel bandwidth f o r  selected frequencies. 
w i l l  cons is ten t ly  assme that opt ica l  de tec tor  noise i r  ina igni f icant  
compared t o  quantum noise. 

This tradeoff 

1.8 INSERTION OF SALIENT PARAMETERS 

Previous sect ions of t h i s  microwave versus o p t i c a l  frequency tradeoff 
have been concerned with developing techniques f o r  t he  se lec t ion  of represen- 
t a t i v e  system parameters and with s-rizing the  r e s u l t s  of o ther  sect ions of 
the  overa l l  report  which a re  per t inent  t o  t h i s  t radeoff .  
conrmunication system performance f ac to r s  f o r  a typ ica l  frequency follows. 

A ca lcu la t ion  of 

Beginning with Figure 1.4 and choosing a 5 gc frequency, one obtains  
typical ly ,  100 watts of tranwaitted power a t  an e f f ic iency  of .l5 and a 
t o t a l  weight of 16.7 pounds. Recourre t o  Figure 1.5 gives a r a t i o  of 
W t o  PT of 3.3 f o r  9 = .15. Here WT is the w e i g h t  of p r h  power supply 

and thermal radiator ,  and PT l e  transmitted power .  Mul t ip l ica t ion  of 
W by PT gives WT = 330 poundel, which, when added t o  the  weight of t he  

t r a n a n l t t e r  i g r e l f ,  gives the  t o t a l  weight of the  t ransmi t te r  system, 
namely 347 pounds. A t  microwave frequencies, the  modulator weight has been 
a s s b e d  t o  be a ~ ~ 1 1  par t  of t h e  t ransmi t te r  system w e i g h t ;  hence, modula- 
tor weighte are included i n  the data of Figure 1.4. 
o p t i c a l  beam moddators  consme 10 w a t t s  average a t  gigacycle ra tes ,  hence 

T 

?/PT 

The best proposed 
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modulator weight m t s t  be considered i n  the  op t i ca l  system. 
calculated from Figure 1.5 assuming g i  
supplied by a commercial 2.5 pound 2 2 O r  e f f i c i e n t ,  10 watt CW t rave l ing  
wave tube . 

This may a l s o  be 
cycle rate modulator power may be 

Select ion of a c r a ~ . s m i t t i n g  and receiving antenna for our 5 gc system 
i s  done accordicg tc Figures 1.2 and 1.3, respectively.  A 10 pound space- 
c r a f t  antenna gives a gain of 32 db, while the ground antenna is  p r a c t i c a l l y  
l imited t o  60 db gain. This choice boosts t o t a l  spaceborne equiprent weight 
t o  357 pounds. 

The fundamental range equation may now be used t o  ca lcu la te  received 
Reducing such f ac to r s  a s  

and PT t o  db uni t s ,  one obtains  the  received signal s t rength  

s igna l  s t rength  In db r e l a t i v e  to  one watt .  
Q 1 -  
R 2’63 
entered i n  Table 1 . 3 .  

The assumpticn Gf a maximum permissible error rate of 10-3 and a 
minimuxi SNR o t  10 Gb means one may accept a rruxhum noire power Nr of Pr/ lo. 

Figure 2-19 gives the relacionship between noire power and bandwidth a t  the 
receiver.  
a t  the  receiver.  

A noim power N, of -154 dbw allow# a mutimun bandwidth B, of 1.2 MC 

Uee of the  Shannon l imi t  

logg (1+ SNR) Br c m x .  

gives a maximum b i t  r a t e  of 1.2 x lo4 b i t s  per second per pound of t ransmi t te r  
plus antenna system weight. 

Similar  ca lck la t ions  a r e  summarized i n  Tables 1.2 and 1.3 f o r  other  
frequencies and dates .  

1.9 LIMITATIONS OF TRADEOFF STL!Y 

It is w i s e  at t h i s  point  to regress  f o r  a moment and discuss  some of 
the  assumpcions made i n  compilitg Table 1.3. 

The pa r t i cu la r  frequencies present were chosen s t r i c t l y  on the bas i s  of 
amount of avai lab le  data. 

The o p t i c a l  portion of the t ab le  assumes propagation between the  DSV 
and a synchronous communication s a t e l l i t e  while t he  microwave port ion con- 
s i d e r s  a d i r e c t  DSV to ea r th  link. 

A t a c i t  assumption chat micrc)wave s t a t e  of t he  a r t  w i l l  not  change 
s ign i f i can t ly  during the  t i m e  scale considered i n  Table 1.3 has been made - 
indeed a great  nrwber of the assmpt iods  r e l a t i n g  t o  microwave technology 
a r e  based on somewhat opt imist ic  calcolat ions.  
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TABLE 1.2 

TRANSMITTER, PRIME POWER, AND COOL'ING 

WEIGHT AT SELECT FREQUENCIES 

Fre auencp 'T (Watts) II 

430 TC 1 .01 

430 TC 1W . 1w 
430 TC 3 Kw (pulsed .01 

.001 duty) 

12'7 TC 1 .01 

12'7 TC 5* .lo* 

2 g= 10 -25 
(Modulator) 

Wxmtr (Lb) 'T /'T 

5 11 

16.7 3 *3 

111 1.9 

10 20 

25 4.9 

167 3 *3 

5 53.1 

5 4.9 

5 53.1 

5 53-1 

5 4.9 

3 1.7 

'T (Lb) 'T + W x n Q  

110 ' 119 

330 347 

lgoo 20 10 

200 210 

4 9  515 

330 3470 

53.1 58.1 

49 54 

159 164 

17 m 

* Future date - 1966 
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Syacecrafs antenna weighc has beer, a r b i t r a r i l y  held low; the t en  pound 
f igure  seems ccns is ten t  with s t ab i l i za t ion  i r iccurae ies ,  although the 
f igure  of 115 db used a s  a maximum spacecraft  o p t i c a l  antenna gain l i m i t  
implies s t a b i l i z a t i o n  erzorr, of 2.25 y rad. imfead  of the proposed OAO 
upper l i m i t  of 1 p rad. 

Use of so l a r  c e l l s  f o r  prime power and the mere dumping of waste 
heat i n t o  epaee a re  qui te  a rb i t ra ry .  
do a f f e c t  t he  choice of a proper power supply, while low ef f ic iency  t rans-  
m i t t e r  devices might make use cf a scheme t o  convert waste heat i n t o  prime 
power. 

Total  power requirements can and 

This optimization has not been considered. 

F f ~ l l y ,  the absence of receiver parameterls restricts the  corrparison 
t o  one of chamel  capacity and n c t  ove ra l l  data  transmission. 
and de tec t ion  a r e  under fur ther  study, and the r e s u l t s  w i l l  be introduced 
a t  a fu r the r  date.  

Demodulation 

1.10 DISCUSSfON OF TRADEOFF RESULTS 

The CW tsystema tabulated in Table 1.3 have a prerenr t heo re t i ca l  
bandwith capabi l i ty  of 1.2 megaiycles i n  the  microwave region and 3 m e g a -  
cycles  i n  the  opt ica l .  In  view of the f a n t a s t i c  information carrying 
capac i t ies  claimed for coherent l i g h t  sources, these f igures  sound a bit 
discouraging; but such a reaction is unwarranted. Consider, f o r  instance, 
the  maximum b i t  rate per pound of transmitter system weight. 
show a c l e a r  f ive-fold advantage f o r  the CW o p t i c a l  system, wich the  
addi t iona l  advantage of allowing reduced t o t a l  system weight and bulk - 
ce r t a in  vehicle  payloads may d ic t a t e  the use of minimum weight communications 
configurations.  

These results 

Presenr techniques w i l l  allow the  use of the  ruby c r y s t a l  l a s e r  i n  the 
pulsed-feedback mode described i n  the  modulation sec t ion  of t h i s  report .  
For a system weight of 200 pounds, t h i s  configuration gives maximum ban - 
widths of the  order of 10 gc. and maximum information r a t e s  of about 10 bps 
per pound. 
operation is misleading s ince a data storage readout problem e x i s t s .  
l imi ta t ion  is discussed elsewhere ir: t h i s  report .  In  addition, t he  tabulated 
b i t  r a t e  must  be modified by the dlltljr cycle (present ly  10-3, but going up). 

8 
Comparison of these f igures  with those f o r  representat ive CW 

This 

Expecred fu ture  improvements include higher output power leve ls  f o r  
CW opt ica l  devices, higher pulse r e p e t i t i o n  ra tes ,  and a general op t i ca l  
device e f f ic iency  upgrading. 
grea te r  advantage Over microwave systems i n  the a reas  of weight, bandwidth, 
acd information r a t e  per un i t  weight. 

Future cpticerl systems w i l l  enjoy an even 
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APPENDIX A 

DERIVATION OF SPACECRAFT ANTENNA SYSTEM GAIN AS A mMCTION 

OF WEIGHT AND F'REQUENCY 

(1) Optical  qua l i ty  ground gla8r mirrorr :  

The following arrumptiona have been made: 

(a) Coefficient of t h e m 1  expansion CT = 3 x lom6 
per OK. (Pyrex) 

(5 )  Point t o  point maximum mirror rurface temperature 

variotior? 4 T  = .'j°K (Thermal control  required.) 

(c) Mirror weight increaser  88 equare of aperture  diameter 

due t o  extenrive honey combing. 

(d) 

(e) 

Allow8blc surface deviat ion b= A/16 

Pyrex densi ty  I) = 200 lb/ f t .3  

( f )  Di f f rac t ion  limited gain increases as square of aper ture  

diameter. 

The weight of a reasonable s i z e  op t i ca l  mirror  may be expressed as: 

W = = C ? X  d D  
4 16 

A s i x  inch diameter pyrex mirror weighs 2.5 lb., typ ica l ly .  

The gain of a parabolic, d i f f r a c t i o n  l imited r e f l e c t o r  is given by: 

A six inch diameter mirror gives a gain of about 110 db a t  a 

frequency corresponding t o  a wavelength of TOO0 a. 
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From these relationohips and assumption8 the  following t a b l e  is  
derived: 

6" 2.5 l b  6 y rad. 110 db 

12" 10 3 116 

18" 25 2 120 

E n v i r o m n t a l  e f f e c t r  w i l l  get a maximum l i m i t  on the urable 

frequency range of a given mirror. 

c r i t i ca l  t o  optic81 mirror performance (ray the  foe81 point  t o  
rurface d l r tance) .  The millximum var i a t ion  of DT ha0 been r h m  

by reveral rourcer t o  be equal t o  A/16. 

Let DT reprerent a dimenrion 

Uring the  re la t ionrh ip :  

- CT DT T A = m i a ,  
16 

one MY der ive t h e  minimum umblc  wavelength of a 6 inch mirror 
as Sm Angstroms. Iargcx mirrors  na tura l ly  have la rger  values  of 

k min. Eventually, op t ica l  mirror environmental problems w i l l  have 

t o  be invest igated more fu l ly .  

( 2 )  Silvered-ground p l a s t i c  m i r u m a  f o r  operation in the neighborhood of 

10 te r racyc les :  

The sort of assrsmptiom as t o  the  gain and weight va r i a t ions  with 

aperture  diameter as were made f o r  ground g lass  mirrcrs are 

appl icable  here. 

the  gain VI. frequency curve f o r  purposes of a r a the r  crude estimate. 

The following parameter8 are m t  unreasonable: 

It is only necessary t o  t i e  down one point on 

' (a)  

(b) 

(c) 

DtnBity of p l a s t i c  70 l b / f t2  

Diameter of r e f l ec to r  = 1 meter. 

Surface tolerance = A/16 = .0002 cm. 
(f=lOTC) 

This par t i cu la r  configuration gives a gain of about 92 db and weighs 

around 50 pounde. 
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(3) Plastic - metal sandwich coristruction fcr operation at x> to 150 
gigacycles: 

Antennns for a 9 gc frequency which have the following values 

may be fabricated using this construction technique: 

(a) Diameter = 1 meter. 

(b) Weight = 10 pounds. 

(c) Gain = 48 db. 
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2.0 OPERATIONS AND SYSTEMS ANALYSIS 

. 

. 

The se lec t ion  of a system or systems for  communication over mi l l ions  
of miles w i l l  be st rongly influenced by the mission and the operat ional  
aspec ts  of the tasks t o  be performed by the space vehicles .  In  order t o  
optimize the design of the communicatioa system is any worthwhile sense, it 
w i l l  be necessary t o  perform aa operations ana lys i s  of the  mission and 
a systems ana lys i s  of the general communicatioa system, t o  evolve a model 
from which useful  parameters may be deduced and parametric l i m i t s  and 
ramgee determined 

2.1 COMMUNICATION SYSTEM REQUIREMENTS 

The nature of the various feas ib le  and probable missions muet 

These p r o f i l e s  
be determined and the communication systems requirements 
by a set of comwnicatiors requirement "profiles". 
w i l l  give message durat ioa and f i d e l i t y ,  information r a t e ,  and o ther  
e s s e n t i a l  data a s  a function of mission phase, duration, type, locat ion,  
e t c .  
b i l i t y  must be considered. 

spec i f ied  

Relative p r i o r i t i e s  of message8 and allowable or r equ i s i t e  f l e x i -  

Types of Data 

A space comaunicatiom system w i l l  be conceraed with the trars- 
mission of t h e e  major types of data: 

1) Speech - general voice cornnunication 

2) S c i e n t i f i c  and engineering - spacecraf t  system sersors ,  
guidance data, e t c .  

3) P ic tures  and te lev is ion  - r e a l  t i m e  t e lev is ion ,  facsimile  

The-systems requirements of the  communication l i nk  w i l l  be dependent 
on the data requirements of the three c lasses  o f  data. 
i n  specifying a l i nk  and assessing i ts  c a p a b i l i t i e s  w i l l  be the  determination 
of the data ;eqtL.reaents c r i t e r i a .  In  pa r t i cu la r ,  the  following data 
requirements must be determined: 

Of prime importance 

1) Speech 

Acceptable bandwidth 
Acceptable transmission e r r o r s  

2) S c i e n t i f i c  and engineering 

Information r a t e  p ro f i l e  
Data corre  lat  ion 
Acceptable transmission e r r o r s  
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3) Pictures and television 

Resolution 
Frame rate 
Element quanti tiza ti on 
Types of scenes or pictures 
Acceptable transmission errors 

The determination of these data rsquirements is largely subjective, 
but reasonable estimates can be given based on present communication 
practice. Table 2-1 illustrates typical data requirements for common 
classes of data. 

- .  It is npt o>\.ieus that t i - , . - -  I \ \ ' ~ I  1 :  J*>;. j , , , ~  ,.li'c . c L 1  1 *rt't f 3 ,  real- 
time connnunication of speech, data, or pictures in deep space missions. 
Since the transit time for an electromagnetic wave will characteristically be 
many minutes it is difficult to see why a further delay would be of any 
consequence in most mirsions. Although vehicular and planetary speeds In 
space are large, the spaces to be traveled are so enornous that the timer 
are great and for mort mirsions any decieionr or information flows are not 
of an lmnedlate nature. 
computation and tranmisrion. 
transient phenanenon where the data must be gathered quickly, but except 
where the rpacc vehicle itself is in immediate danger of destruction thir 
data can be rtored for later tranmnirrion at a lrrr-than-real-time rat.. 
In tho care of comaunication with a rtation b a r d  on a rotating moon or 
planet, or on a ratrllito which ir prrlodlcally obrcured it may be 
drrlrablr to tranmit a givon quantity of rtorrd data I n  erne relatively 
small flxrd time, ray 12 hourr for the Earth, m 1.5 hourc for the lerr 
llkrly care of a 100 mile high Earth Satellitr. Sanr indication of thr 
total inforawtion rates for rcfentlflc data can be had from the Uriner 11, 
which transmitted 720,000 data bits per day from 7 rcientific instrumcntr 
during inter planetary flight. About 170 data bits were used for each 
scientific data point. 

Plenty of time will be available for consideration, 
There are carer Involving observation of 

By the time manned deep space flight arrives most of the basic 
information about inter planetary space will be known. Although there 
will always be requirements for experiments in space and of increasing 
sophistication, early manned flights will undoubtedly not h a w  this 
requirement, and most communication will be menftoring of spacecraft 
performance, with large increases near end points ef flight, olnnets, 
I , ;  0011 5 , e t (. 

Telemetry to earth satelites and moon probes -- "short-r.-nge" space 
vehicles -- has already reached an adequate stage of development, if 
not optimized. Attention will therefere be fecused on longer than lunar 
missims. An attempt is made here to classify them briefly ?.mi outline 
some principal parameter values. 

Several categories are possible. The known solar system is com- 
prised of 1 star, 9 planets, 31 moons or natural satellites, over 1500 
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1 

Sun 

Mercury 

Ve nu s 

*.la r s 

Mart ian 
Moons 

Sup it  er 

P 

P 
P or M 

P 
P or M 

P 
P o r  M 

P 

Column Headings: 

(1) Destination, from Earth 

(2 )  

(3) Probe or manned f l i g h t  

One way or  round t r i p  

4 

(2.76 

0.38 
2 

o 68 
2.66 

2.66 

2 . 8  

6 7 

8.3 

5.1 

2.33 

l+ 48 

4.48 

35.1 

( 4 )  

(5) Minimum maximum dis tance from Earth, 10 miles 

(6) Time for  t r a n s i t  of l i gh t  signal,  seconds 

(7) Maximum dis tance from Earth, 10 m i l e s .  

Minimum energy t r i p  t i m e  from Earth, years 

6 

6 

93 

133 

160 

z34 

23 4 

576 -- 

8 

8.3 

1.1.9 

14.3 

21 0 

2: . o  

51.7 --. - --- 

9 - 

3330 

87 60 

11 550 

11 650 

___c 

( 8 )  Time  for  t r a n s i t  of l i g h t  signal maximum dis tance,  seconds. 

(9) Weight i n  pounds per man for food, a i r ,  water, a t  12 lbs .  per man per day. 
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TABLE 2-2 TYPICAL DATA REQUIREMENTS 

Type 
r 

S c i e n t i f i c  
da ta  

Engineering 
data  

Comnand data  

Te 1 e type 

Speech 

Real t i m e  
t e l ev i s ion  
( 500x5~ 
e 1 ement p i c tu re  ) 

P i c t o r i a l  
tr ansmis s ion  
(500x500 element 
p i c tu re  i n  12.5 

I seconds ) 
I 

Tolerable Signal PCM Representa- Heximum 
&I ndw id t h 

071 kc 

0-1 kc 

0-4 kc 

15 cps-4mc 

ion. bits/somple B i t  Rate 

18 k i l o b i t s  

14 k i l o b i t s  

50 b i t s  

75 b i t s  

40 k i l o b i t s  

48 m i l l i b i t s  

120 k i l o b i t s  

t ror  Rate 

lo-* 

10-3 
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asteroids and comets, meteors, dust. etc. Except for Pluto, the 
planets are all very nearly in a plane and in near-circular orbits that 
revolve around the SUR counterclqckwise as seen from above the north 
pole. 
The planets range from (3.3 to 30 astronomical units from the sun, and 
the mons range from 2.54 to 332 planet radii from their planets 
the Milky Way, the earth's galaxy, is inclined at about 62 degrees to the 
celestial equator, certain space missions conceivably would never look 
into it as a background. Most vehicles, however, will view the earth 
or other communication stations against the Milky way as a background at 
least during a portion of the mission. 

Most of che moon orbits are considerably inclined to the ecliptic. 

Since 

Since it is not possible to foresee or t o  prepare now for all future 
time, thie discussion will be iimited to missions from the sun out to Mare 
and porribly to Jupiter, but primarily to Venue and Mars. The following 
are likely space vehicle missions: 

1) Probes (one way) to Yenus and Mare, to Impact or near miss 

2 )  Probes (one way) t o  orbit  Venus and Mare 

3 )  Probes (one way) t o  lend on Martian mono 

4)  Probes (round trip) to orbit Venue and Mars and return 

5 )  Manned reconnaisance missions t o  paes by ctr orbit Venus 
and Mars and return 

6) Manned missions to land on Martian moons, Mars, and possibly 
Venus, and return 

7) Probes to Japiter, Sat,drn, Mercury, and sun 

These missions may takE o f f  frg7rn sarth's sdrface. an e a r t h  satellite, 
or a lunar base.  ?hers may be more than one space vehicle sinnultaneously 
involved, particclarly in ( 5 )  and (6). 
departure-destination relatiom, and some parameter values of interest. 
Trip times are for minimum or near-minimum energy. Small increases in 
velocity may result in large decreases in trip time. Doubling the Mars 
trip speed re3ucos the trip time to about one-seventh, for example. Though 
such a measure would be extremely expensive, reiiability, psychological, and 
other considerations might make it worthwhile. 

Table 2-2 shows the possible 

One of these other considerations is the supplies of food, air and 
water necessary for manned flights. &.e estimate available for lunar 
base support indicates 13.3 lbs per man per day, another gives 17.5 lbs per 
day. 
deep space mission occurs,12 lbs per man per day is not unreasonable. This 
provides added compulsion to reduce trip times by increased speeds, but also 
competes strongly with communications gear for payload weight allocation. 

Assuming that advancements in technique will be made before a manned 
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In selecting a communication freipeccy, one important factor is atten- 
uation or scattering by the earth’s and poFsibly cther planet’s atmospheres. 
Impenetrability of cloud cover by a cErtain frscprncy need not necessarily 
exclude that frequency from consideration, however. A t  the earth end of the 
communication system, since c loud C’,I;SL is mver complete, numerous 
communication stations may b e  s e t  q sv that at least one will have a high 
probability of being in the ?lea:. An earth satellite may be set up above 
t h e  atmosphere to use as a relay station, using frequencies from satellite 
to earth which 30 penetrate cloQdsr A similar system can be arranged with 
a lunar base. 

At the space end of the communication channel, Venus has complete 
and continual cloud cover; hence the multiple surface station solution is not 
feasible. In fact, preliminary expioration is necessary to determine 
frequencies which will penetrate the Jenusian atmosphere, which is much 
different from Earth’s and not now well known. Since Venus has no moons, 
the only remaining possibility for  communicating from the Venusian surface 
by frequencies which are atmospherically absorbed is to go from the Venusian 
surface to a communication eatellite by a penetrating frequency, and f rom 
there through space by the same or a nonpenetrating frequencv. 

magnetically transparent atmosphere, so far as is n w  icnow.,, e:v.:cpi I ‘r 
occasional huge clouds interpreted as dust, Mars also has twu a - i t  11:s. sr) 
t ha t  all three p?ssibilities exist there--multiple sar facr s t c L  a IS. 
cammunication relay satellites. and xoon relay bases. 
Lransmission characterlstics also rewire further investigati rn .  

It is clear that each type of sFace mission must have a ccwmunication~ 
system designed as an integral part of the overall mission, sjwe the 
cnvironment and range of conditions 1 s  so radically different r each misoion. 
. ~ t  is quite possible that a choice of frepency for one mission would not 
serve for another. It seems very likely, for exanple, that at ?east f . x  
certain missions, a communication link between a space vehicle and an earth 
communications satellite at one frequency and between the satellite and 
earth at another frequency will prove to be the optimum. 

Mars, on thc other hand, has 3 y -  o i l l y  but not 1ILcessar;’v clcctro- 

‘he ;; L a- ail 2 t.lospheric 

, .2 SPACE SYSTEM REQUIREMENTS 

Space vehicle missions requiring communication may be classified as 
to communications between planets an.’ moons, planets ana space vehicles, 
planets and planets, noons and spacs vehicles, space vehicles and space 
vehicles, and moon to moon. 
in the existence of and importance of parameters that bound the communi- 
cation system. These parameters include, for example, tracking rates, 
payload capabilities, energy sources, doppler shifts, signal transit times, 
background noise, general physical mvirorxnent, local atmospheric effects, 
vehicle stabilization, fuel costs, solar raalation intensities, mission 
duration, and numerous others. 

For each case there are pertinent variations 

Payload Capability Estimates 

The communications payload CaFability of various space vehicles is a 
function of booster and upper stage availability, vehicle destfnation. mission 
purpose, and weight allocation to communication in competition with other 
types of paylosd. The availability of boosters and TLssile st-:?,es 
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changes with time, 2nd it w i l l  be possible to draw more d e f i n i t e  and useful 
p r o f i l e s  a t  a l a t e r  date .  A t  present, only the pr inc ipa l  current systems 
and those under ac t ;ve  development a r e  l i s t e d  (see Table 2-3). 

TbBLES 2-3 - CURRENT SPACE b,EHICLES 

Moon Land- Venus 
Second 300-Mile Orbit ing Payload, Ava i 1 a- Payload 
Stage Payload, pounds pounds b i l i t y  Pounds Booster 

Atlas Agena B 5,030 t o  5,800 600 t o  1200 1965 600 t:< 
1200 

Atlas Centaur 8,000 1500 730 (hard land- 1965 
ing)  1W t o  300 
( so f t  - landing) 

Ti tan 17 6,2843 to  9,375 1963-64 

Ti tan  TIi 29,500 1965 

Saturn C1B 25,000 Being 
Launch- 
tes ted  

Most of the manned deep space vehicles w i l l  probably be launched by 
boost systems not on t h i s  l ist ,  such as  tk proposed Saturn V, Nova, Phoenix, 
o r  la rge  so l id  boost systems. 
payloads envisioned by mission type and booster category. 
ac tua l ly  broad uncertain bands. 

Figures 2-1 and 2-2 i l l u s t r a t e  some of the 
The curves a r e  

A useful method of categorizing space vehicle missions is  by ve loc i ty  
increments required. This r e l a t ion  comes about due t o  the  nature of the w e l l  
known fundamental rocket propulsion equations: 

Velocity = gISFlog ‘full, + g t  cos 8 + drag term 
/ 

.rp.pty (w 
me veloc i ty  a t ta ined  is extremely sens i t i ve  t o  small var ia t ions  

o f  t he  r a t i o  of f u l l  t o  empty weight. This s e n s i t i v i t y  is fur ther  compounded 
when multistage rockets are considered. Therefore the s l i g h t e s t  changes or 
f a u l t s  i n  design can have major e f f e c t s  i n  mission-payload charac te r i s t ics .  
and prediction i n  t h i s  f i e ld  becomes increasingly hazardous a s  t o t a l  required 
ve loc i ty  and/or number of stages increases.  

Some spec i f ic  missions and t h e i r  required ve loc i t i e s  a re  given 
i n  Table 2.-4. They are  minimum energy, and thus long t ransfer  t i m e  o rb i t s .  
It may be desirable  to  sac r i f i ce  payload for a higher speed--and thus shorter  
t i m e  i n  space--for r e l i a b i l i t y  reasons or  for f l e x i b i l i t y  i n  the  launch 
windows. 
months, a t r i p  t o  Venus and re turn  w i l l  take over 2 years, and t o  Mars and 
r e tu rn  2.66 years. This t i m e  is mostly spent waiting a t  the planet for  an 
appropriate t i m e  ( i . e  , posit ion r e l a t i v e  to  ea r th )  t o  s t a r t  the  r e tu rn  t r i p .  

While a one-way Venus probe m y  take about 4 months and to  Mars 8 
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TABLE 2-4. REQUIRED MISSION VELOCITIES 

Mission 

Earth satellite (300  nautical xi l e s )  
Earth escape 
Flight to sun 
Flight to Venus 
Flight to Mars 
Orbit of moon 
Soft lunar landing 
Orbit Venur at 2000 nautical miles 
Orbit Mars a t  6000 mautical miles 
Land on Mars and return 

Ve 1 o c i t y 
f p s  

S4,:QO + 
36,680 
46 ? 583 
38,220 
3% 579 
38, OOo 
44,300 
47,410 
44 9 700 
56,700 to 100,OOo 

In the case of one-way probes, it may be possible by increasing 
speed, at some sacrifice in payload, to reduce the distance from earth 
to Mare (or Venus) at the time of impact. This may have compensating 
advantages in reduced range for telemetry transmission and therefore reduced 
power and eased tracking requirements. The problem of interplanetary 
orbital mechanics is exceedingly complex, and while it should not be 
explored in detail in this study, those points pertinent to  communications 
must be examined with care. 

The manner in which the velocity increments may be separated is 
illustrated in Table 2-5. 

TABLE 3-5. SOF 9 LUNAR 

Velocity, 
Miss ion fps 

Earth satellite velocity 
Leave earth satellite orbit 
Enter moon orbit 
Land on moon 
Launch from moon 
Leave moon orbit 
Enter earth satellite orbit 

25, Ooo 
10,000 
2.000 
5 . 7 0  
5,700 
2,200 
10, OOO 

These tables are included, not to enable design of a space vehicle, but to 
illustrate the highly "tailored" quality of such design and to imply the 
high dependence of payload on the particular mission character. 

The mission purpose (as distinct from its path) will also strongly 
affect the conmunications payload. Very highly instrumented experimental 
vehicles will require large amounts of telemetry; proven designs with 
only logistic functions will need less. Man-carrying vehicles will need 
more communications; vehicles carrying continuously operating or real time 
equipment, experiments, or data sources will need more. 

hroblems of priority will arise when the always-limited payload must 
be allocated among the many items to be carried besides communications. 
These problems are closely allied to the mission purpose but also involve 
large elements of pure judgmentand are for the most part not easily quantifiable. 
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How t o  decide, for  example, the r e l a t i v e  worth of a s a fe ty  device for 
manned vehicle a s  compared to  an increment of communication capabi l i ty? 

Energy Sources 

Communication requires  energy. The energy must be obtained from 
s o m e  source, converted in to  usable form--usually e l e c t r i c a l  energy, and 
the waste energy radiated in to  space. 
growing experience and l i terature  i n  t h i s  f i e l d ,  and only a synopsis i s  
given here. 

There is  an extensive and rapidly 

The prac t ica l  schemes for  energy sources comprise three types: those 
using so lar  energy and thus carrying no fue l ;  those carrying fuel,  which 
has weight and is expended; and nuclear sources, whose "fuel" i s  e s sen t i a l ly  
weightless.  

Solar energy sources w i l l  require smaller co l lec t ing  arrays on Venus 
t r i p s  than on Mars t r i p s .  due to the proximity of the sun. The so lar  
constant goes from 1.94 cal/c&/minute a t  the ea r th  to  about 3.71 cal/cm2/ 
minute a t  Venus, but t o  about 0.84 cal/cn?/minute a t  Mars. 

For space vehicles which need energy only o r  mostly a t  o r  near Venus, 
the  solar co l lec tors  can be about half  the s i z e  of those near ear th .  For 
vehicles  needing power a l l  the way, e'ither auxi l ia ry  sources for  the near- 
ea r th  portion of f l i g h t  or larger  co l l ec to r s  must be used, which w i l l  r e su l t  
i n  a considerable reserve a t  Venus. 

On the other hand, Martian t r i p s  w i l l  require  so la r  co l lec tors  about 
2.5 times the s i z e  of those needed near ear th .  Actually the so la r  radiat ion 
made avai lable  must be ta i lored  t o  the  energy demand p ro f i l e ,  based on 
mission requirements. 

The so lar  rad ia t ion  can be used for d i r e c t  conversion t o  low-voltage 
d i r ec t  current by devices such as so lar  s i l i c o n  c e l l s .  These devices suf fer  
from meteori t ic  erosion, radiat ion,  and other  space environmental e f f e c t s .  
E s t i m a t e s  of t i m e  t o  decay t o  75 percent of o r ig ina l  performance run from 
3 months to  10 years. Furthermore, they decrease i n  e f f ic iency  a t  higher 
temperatures, the e f f i c i enc ie s  near Venus, Earth and Mars being about 7.8 
percent, 9.3 percent and 10 8 percent so tha t  so l a r  c e l l  arrays must have 
a reas  p e r  kilowatt  of 50 f t2 ,  85 f t2 ,  and 165 f t 2  respect ively.  
sunl ight  col lected may be used for turboal ternator ,  thermocouple, and thermionic 
generating devices as w e l l ,  each having i ts  own cha rac t e r i s t i c s  and po ten t i a l  
u t i l i t y .  

The 

Chemical, or fue l  carrying power sources, have l i ves  l imited by the 
quant i ty  and s t o r a b i l i t y  of fuel as w e l l  a s  the  other fac tors  a f f ec t ing  
r e l i a b i l i t y .  Typer of sources a re  ba t t e r i e s ,  fue l  c e l l s ,  magneto-hydrodynamic 
generators, turbogenerators, and reciprocat ing engines. These a r e  not expected 
t o  be prac t ica l  a8 primary communications power sources dueto the heavy fue ls .  

Nuclear rad ia t ion  sources comprise thoae using radioisotopes and reac tors .  
The radioisotope sources have an exponential decay of power; the reac tors  
maintain constant power ava i l ab i l i t y  u n t i l  the  fuel  is  used o r  r e l i a b i l i t y  
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problems intervene. Nuclear sources require  shieldlng in some proportion 
t o  t h e i r  power output 

Some of the energy sources produce usable e l e c t r i c  power d i r ec t ly .  
Most must use same form of converters t o  provide the power i n  usable 
e l e c t r i c  form. No such system has perfect  eff ic iency.  and power systems 
must discard waste power. This can only be done, on  long space missions, 
by radiat ion.  

The s i z e  and ef f ic iency  of the rad ia tors  are a strong function of the 
temperature of the  radiat ing surface. It is possible to  use combinations 
of power sources and converters which work i n  various temperature region8 
so t h a t  one u t i l i z e s  the  exhaust power from another, and thus t o  improve 
the  overal l  eff ic iency,  but i n  no instance can a heat engine use a l l  the 
power input.  Radiators a r e  subject,  as are so la r  panels, t o  erosion and 
meteoric puncture; hence redundant rad ia tors ,  shielding, e t c . ,  a r e  used 
a t  ra ther  heavy cost. For some cha rac t e r i s t i c  rad ia tors ,  doubling the 
wall thickness (and thus the weight) gives an order of magnitude decrease 
i n  penetrations per uni t  area per un i t  t i m e .  
would be expected to  suf fer  2 x 10-3 penetrations pe r  square foot per year, 
for  example. For a per fec t ly  black rad ia tor  facing space only, the minimum 
area  needed per kilowatt  of emitted power is  

A rad ia tor  weighing 9 lb / f t2  

S 
= 1 

r: T 4 
2 4 . ,.,:., ." :T : : , , . l  x W/f t  /(deg Kelvin) 

and T = rad ia tor  temperature i n  degrees Kelvin. 

Table 2-6 gives some pertinent data on current  and near-future power 
source development. This list is f a r  from complete. It appears. however, 
t ha t  for space vehicles requiring operation for  periods of m n t h s  t o  
years that so l a r  c e l l s ,  so la r  col lectors  and nuclear f i s s i m  devices a r e  
the most promising. 
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Acquisition and Trackin8 

I -  
j 

In deep space communications, of tho- order of a hundred million miles 
range, communication system power will be at a premium; therefore, the maxi- 
mum feasible antenna gain mast be used.  
an acqaisition and a tracking problem. 

This means narrow beams, introducing 

Space vehicles must move in very accurately known trajectorSes. A 
probe sent to Venus, for example, will miss the planet entirely if the 
speed is in error by 0.5 fps in a total of about 38,000 fps. Con:inued 
tracking of the spacecraft can be naintained and minor corrections made 
to ensure the proper trajectory. The point here is that Spacecraft pos- 
tions will always be known to very close tolerances; thus acquisiti-on of 
comrmnicating stations by the spacecraft should present no particular 
state of the art problems. Acquisition under such circumstances becomes 
mostly a computation and pointing problem, though such computations must 
take account of the velocity of iight and lead the target accordingly, since 
one-way transmission may take as much as a quarter hour of transit time. 

Engineering practice for the controlled pointing of an infrared 
gimballing system is currently 15 microradians. 
have readout accuracies of 100 microradians, with 5 microradians promised 
by some. Pointing stabilities of the order of 0.1 to 1.0 microradian 
are achieved at present by astronomical devices on the earth. It wmld 
seem then that acquisition could be performed without scanning, by a 
single look, with beam widths of the order of 15 microradians or larger 
provided adequate platform stabilization can be achieved. A diffraction 
limited antenna of 1 meter diameter cannot produce a beam this narrnw at 
wavelengths longer than 0.012 m, to set the perspective. The larger the 
beam angle, the easier the acquisition and the less the dependence on good 
platform stabilization and accurate position and attitude computation. 
However, requirements go up as the square of beam angle. 

!?resent good resolvers 

Tracking can be carried out with the comnication beam or with 
auxiliary equipment. Astronomical telescope star tracking system, although 
an optical method, are presently being made with tracking accuracy of the 
order of 0.5 microradian. Star tracking systems--passive trackers--for use 
on earth satellites and space vehicles now are claimed accurate to 5 micro- 
radians. Space probes could track any known star, moon, or planet and then 
position the communication beam accordingly. For cummunication with moons 
or plalnets liovlnp no atmasphere, cir.her paeslvo or active tracking is possible 
on light sources at the station tracked, subject to weather interterence on 
planets having an atmosphere. This irechod would avoid the dark phase problem, 
Khich, however, might not be severe, since complete dark phase cmditions 
would br rare and transitory an3 there are numerous alternate tracking points 
available in space. 

A plausible scheme might be to optically acquire and tracl, a powerful 
ruby laso,r flashed at freqcent intervals and to align the comnication 
beam to the desired communication station by proper computations involving 
the trajectories an6 signal transit times. The required beam width  would 
then be determinec by platform and tracking stabilization and computational 
accuracy and cobld be as narrow as of the order of 15 microradians. This 
would give the minimum power requirement, and other practical factors would 
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then be considered which would be traded off against increased beam width 
and therefore increased power. 

If the communication station being trecke.? were located gn a planetary 
satellite, the orbital period of the satellite could easily be of the order 
of signal transit times. This situation could lead to tracking problems. 
At long ranges, a solution could be to track the earth, using beamwidths 
sufficiently wide to include the entire satellite orbit. 

Close to earth. however, this solution requires enormous beam widths. 
Therefore the preferable solution will probably be to track the satellite 
itself and accept the added computational complexity of eclipse problems, 
etc. 
be a preferable solution, or a moon station, with relay capabilities. 

Use of a 24-hour synchronous satellite or synodic satellites might 

Tracking space vehicles from other space vehicles may be more 
difficult. 
positions not quite so accurately known. 
power lasers for optical acquisition, followed by tracking by optical, 
radar, or communications beam means, would be quite feasible. 

Here the distances will usually be much smaller, but relative 
It would seem that use of high 

Spacecraft Stabilization 

As pointed out in the discussion.of acquisition and tracking, it 
is important that the spacecraft be adequately stabilized so that narrow 
communication beams may be used and low powerand low weight systems 
evoived. In both manned and unmanned space vehicles, vibrations and 
mechanical perturbations will be induced internally by rotating and 
vibrating machinery, thermal flexing of the spacecraft, operat ion of 
the stabilizing controls themselves, motion of tracking antennas, solar 
panels, cameras, and orientable instruments of various sorts, and shifts 
of center of gravity as fuels slosh and are expended and wastes disposed 
of overboard. In manned craft, the slightest motion of personnel--even 
their breathing while asleep--will cause spacecraft motions which could 
conceivably interfere with communication tracking and acquisition and there- 
fore must be considered in the design. 

There are also external perturbing forces such as meteoritic impact 
and the effects of gravitation of planets and moons in the vicinity. 
many reasons, it is not always adequate to permit a space vehicle merely to 
drift in space, even if it were sufficiently stable otherwise. It often 
will be necessary to continually or periodically reorient the vehicle 
attitude as the trajectory changes with time. Many earth satellites currently 
are adequately stabilized to the order of about 1 degree in attitude. The 
pending Orbiting Astronomical Earth satellites will require temporary 
stabilization to astronomical standards (about 0.5 microradian) in order 
to obtain adequate resolution of astronomical photographs, and this is 
apFarently within the current state of the art. For true deep space 
missions, it will almost certainly be necessary to mount the communication 
antenna on a stable platform. 
will be so uncertain a d  of such magnitude as perhaps to require a very 
much decoupled system, possibly even a separate vehicle or a detached 
"pod", self-stabilized and recoverable. The need for such drastic meas- 
ures will depend on the results of the tradeoffs which can be made be- 
tween comnunication beam stabilization, beam angle, power, and weight 
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under the particular mission vibration, perturbation, range, and other 
requirements. 
(long ranges and narrow beams) the ent ire  vehic le  may be s tab i l i zed ,  
but if economy in  control capacity i s  paramount, a small platform should 
be s tab i l i zed .  

In missions requiring extreme precision of control 
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2.3 COMMUNICATION CfiiNEL CHARACTERISTICS 

when selecting a cominication or telemetry system, considerat ;on 
must be given to the characteristics of the channel in order that the signal 
may be properly tailored for its optimum use. Tt..o, principal elc'ment in 
channel characterization is the ~rcsence of background noise and attenuation. 
If no noise were present, there wonld be no limit on the range of a trans- ' 

mitted signal since the received energy cotald be amplified as much a s  necessary 
to regain the intelligence. Mise affects the range in several ways. At 
the transmitter, it affects the stability and clarity of the signa?. It 
influences the intensity, direction, and spectral characteristics O E  the 
transmitter-receiver space link. At t h e  receiver, the noise is tecperature 
and bandwidth-dependent. It also affects the receiver oscillator stability 
and purity. The three basic sources f m  noise in the entire frequency 
spectrum are: background, transmitter and receiver. They are treated 
independently in this report. 

Background Noise and Attenuation 

For deep space telemetry, two compl9tely different noise envirinments 
can exist. n e y  depend on the source-destination relationship and. in 
particular, on whether the comnication path is between space a d  earth or 
between two space locations. 

The essential difference between these cases is the presence of the 
earth's atmosphere and interfering radiarj on which results from man-made 
noise. The latter can be reduced considerably by the selection of a rerote 
operating site. The former, however. must be considered strongly in the 
establishment of the optimum operating frequency. 

The earth's atmosphere has essentially two effects on comunicati3ns. 
First, it attenuates the incoming sigral within the system passband, and second, 
it serves as a filter-converter of the signal and incoming extra-atmospheric 
background radiation. Thus radiations which might normally lie outside the 
passband of the receiver in a comunication system operating from a space 
transmitter to a space receiver is corrverted into noise radiation in the signal 
portion of the spectrum for a comunication system which involves the atmos- 
phere as part of the comnication channel. Conversely, noise in the passband 
which would be a source of interference in deep space is filtered out by the 
atmosphere if the receiver is located on the earth. The principal degradation. 
however, results from the signal being not only attenuated but also converted 
to noise within the passband of the receiver by means of forward scattering 
and absorption/reradiation processes. Thus, conditions for operat ion through 
the atmosphere can differ quite significantly from those in deep space. Some 
of these significant differences are discussed here and estimates are given 
of the magnitudes of the individual noise contributions. 

Radio Noise 

The background noise has a variety of sources and frequency distribu- 
tion bands. One of the greatest sources of noise is the earth itself. The 
earth's atmosphere, besides absorbing selected frequencies, generates some 
of its own, principally by lightning discharges in thunderstorms. All the 
atmospheric radio noise is dependent on frequency,weathcr, time of day, year, 
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and geographical posi t ion.  For radio comunication a t  frequencies below 
50 mc, atmosphkric noise i s  usually the l imit ing factor .  
versus frequency i s  given i n  Figure Z - 3  for both night-time and daytime. 
The graph shows a sharp r ise in  noise with decreasing frequency. 
types of noise are shown t o  scale  on the same p lo t  f o r  comparison. 

A p lo t  of noise 

Other 

Radio noise can be c lass i f ied  i n  three  d i s t i n c t  sources: 1) man-made, 
from motors, appliances, e tc . ;  2; inherent,  from thermal ag i ta t ion ,  shot 
e f f ec t ,  e tc . ,  i n  t he  equipment; and 3)  natural ,  from space, atmosphere, etc.  
To in te r fe re ,  the noise must enter the receiver passband. The noise may 
contain frequencies i n  the sens i t i v i ty  band, o r  su f f i c i en t ly  c lose and with 
su f f i c i en t  s t rength to enter  the "extended" bandwidth. 
(hetrodyne) 
a new frequency i n  the passband. 

It may combine 
with another frequency i n  some nonlinear element and generate 

Man-made noise is a considerable problem when the  e a r t h  is one of  the 
communication s ta t ions .  This man-made noise takee the form of e l e c t r i c a l ,  
wide-band disturbance8 from such sources a s  autoigni t ion,  motore, generatorr, 
and high-tenaion l ines .  
frequency for  both urban and ruburban arear. 

Figure 2-3 showr t h i s  noire as a function of 

The run pots out noire in burs t s  pr inc ipa l ly  i n  the 100 t o  380 mc band. 
Noire rtorrnr occur on the run that  have a long rerier of rhort  burst8 con- 
t inuing for  hourr or dayr. 
a background of a l a s  varying radiat ion.  
frequency d ie t r ibu t ion  but  ra re ly  exceed 250 mc. 
few megacycles and l a r t  from a f rac t ion  of a eecond to  almost a minute, 
Others may have a bandwidth of nearly 30 mc and r a r e l y  exceed l-second 
l i fe t ime.  A slow noise burs t  is usually narrow band and intense.  It usual ly  
d r i f t s  down i n  frequency gradually and sometimes i r regular ly .  The f a s t  
burs t s  are very coranon and have a f a s t  d r i f t  darn i n  frequency. 

Thema ehort bu r r t r  of noire  are ruperimporod on 

90- have bandwidth8 of a 
Mart of there  rtorma have a wid. 

I n  general, external  noisc i s  a function of frequency. The lower 
the frequency, the greater  the interference.  This e f f ec t  i s  i l l u s t r a t e d  
i n  severa l  curves i n  Figure 1-3. 

Cosmic Noise 

The most d i f f i c u l t  t o  invest igate  from a point on ea r th  is  solar 
and cosmic noise, shown i n  Figure 2-8. The sun is the grea tes t  noise source 
t o  consider from anywhere i n  the so la r  system. Xts corona is  not terminated 
i n  a f i n e l y  divided l i n e  but extends with diminishing e f f ec t  several mil l ion 
m i l e s  out  i n to  space. 
RF enefey, A t  e a r th  
radius !I1 astronomical u n i t )  from the sun, there  is s t i l l  about 2 cal/cm /min 
of energy avai lable;  99.8 percent of t h i s  energy is i n  the 0.2 t o  0.7 
micron band. 

Lhst par t i c l e s  aca t t e r  and d i f fuse  the  l i g h t  and 

2 making i ts  e f f ec t  noticeable i n  a l l  d i rec t ions .  

The nine planets  and the i r  31 mons and t3e  as te ro ida l  b e l t ,  comets 

the planet with the greatest  r e f l e c t i v i t y ,  e m i t s  about 1 e rg /cg / sec  
and dust generate some noise,  although it i s  s l i g h t  compared t o  the sun. 

a t  10 km dis tance.  Most solar  system bodies without atmospheres have 
thermal rad ia t ion  close to  tha t  of a standard blackbody r ad ia to r  a t  the 
surface temgerature. 
on the wavelength and surface posit ion.  Venus, fo r  example, is equivalent 

Thermal radiat ion from a tmspher l c  bodies i s  dependent 
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to 250° K at 10 microns and 6m0 K at the centimeter frequencies 

Other sources of noise exist outside the solar system. The 
greatest in the near-visible band occurs toward the center of the 
Milky Way. The type of energy emitted is very similar to that from the 
sun. 

The entire sky has about ergs/cm2/sec, compared to the 
visible air glow of 16 x 10-3 ergs/cd/sec. 
been estimated at 12 x 10-13 ergs/c2/sec, which is equivalent to about 
3%. 
(visual magnitude of 10) stars per square-degree toward the galactic center 
and about 35 stars per square degree toward the galactic poles 

The radiation density has 

The sky is not uniformly bright; estimates place it at about 700 

At radio frequencies. the sky containr over 600 discrete radio noirer. 
Ninety-eight percent of each have energies more than 6 x 10-23 ergs/cm?/cpr 
and a temperature greater than 1 O b K  at 1.7 meters. 
somewhat less than 1/2 degree (the appared diameter of the sun and moon). 
The overall rky brightnesr mean temperature I s  about 700aK at 3 meterr. 
the galactic center, it is 2 x 1 M K  at 30 meterr to less than lOoK at 10 cm. 
The brightert rource, Orion, has 2 x 10-5 ergs/cm2/rec, where the total 
flux in thir region from all rourcea 1s about five times as great. 
show8 a C~~nparatiVr plot of rrvrral noise rourcer. 

Their cone angle is 

At 

Figuro 2-4 

For frequdnciar above 50 me, atmospheric noire ir of diminirhing 
importance and becomer negligible with rerpect to other factors a t  gigacyclo 
(loo0 mc) frequrncier. 
noire temperature results from many other  outc car, principally the atmor- 
pheric abrorption noise and earth radiation noise, as well as the previourly 
dircussed galactic, stellar, and planetary noise. 

At there higher frequencier, the effective antenna 

Earth radiation noise is important especially for a space receiver 
that must look at the earth background with its main or sidelobes and.for a 
ground-based antenna that has increased antenna noise from its back Qr 
sidelobes. This contribution can be tyFically as much as 20°K. 
antenna designs that place the focus of the parabola below the r i m  f o r  near 
zenith viewing help keep this figure low. 

Recent 

Atmospheric Attenuation 

For earth-space or space-space communication the line of sight 
condition predominates. Even connrmnication to the back side of the earth 
or moon will be liae of sight, with the aid of one or more relay stations. 
Propagation computations are simplified under these conditions. 

i 

When transmitting through the earth's atmosphere determination of the 
propagation characteristics becomes complex due to the atmospheric attenuation. 
The absorption characteristics are well known for certain frequency bands. 
Figure 2-5 shows a portion of the spectrum for the earth's atmosphere only. 

Figures 2 - 6 ~ ,  2-6~ and 2-7 shows the approximate attenuation character- 

There are several opaque regions here also due to 
istics of our atmosphere. It is transparent in some regions such as most of 
tb; lAto 14, band. 
absorption of energy by water vapor, carbon dioxide. carbon monoxide, ozone, 
methane and nitrous oxide. The 14 to 1 mn band is entirely opaque due to 
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water vapor absorption. From 1 m to 20 meters the atmosphere is transparent. 
Above 20 meters all the energy is absorbed or reflected by the ionodphere. 
Clouds, if present, are severe attenuators of some portions of the spectrum 
such as 1.25 cm. Figure 2-5 shows the water vapor absorption characteristics. 
The thickness of the atmosphere affects the attenuation. When looking 
through the atmsphere at some slant angle the attenuati)n is greater. 
Figure 2-7 gives a multiplication factor as a function of the altitude angle. 

When considering other planets atmospheres of different composition and 
densities, new attenuation characteristics must be derived. This includes 
the sun's corona when the comnunication link is between two points near 
opposition. 

Sky Irradiance 

In the near visual portion of the spectrum the sky exhibits 
tremendous changes in irradiance depending on the conditions. During the 
day the diffused sunlight causes it to glow very bright. Cloud cover influences 
it considerably making it brighter or dimmer depending on the location of the 
observer. 
noticeable. 
radiance. 
conditione. 
latitude, reason, altitude, time of day, and many more. 

The moon phases causes changes in the night sky that are very 
Starlight, eclipses, snow reflections, etc. greatly alter the 

Figures 2-8 and 2-9 show the radiated power under some of these 
Many factore influence this such ae elevation a q l e  of viewer, 

Sky Noiee Temperature 
t 

Some of the major 
In the radio frequency spectrum the sky also has radiation. This is 

usually measured in an equivalent black body temperature. 
contributors to this form of noise are oxygen and water. Figure 2-10 shows 
the amount of temperature contributed by these as plotted against frequency 
for several elevation look angles. It is most severe when lookjng near the 
horizon. There is a peak at about 22,000 megacycles due to the water alone. 

When looking at the total noise temperature, (sufficiently remved 
from cities and other sources of man made noise) a curve is obtained as 
shown in Figure 2-11. The low point is the preferred region to operate 
in and it appears at about the 5 to 8 gigacycle band. 

Atmospheric Distortions 

An optical space to earth communication must penetrate the atmosphere. 
This ocean of gases affects the desired signal in many ways, almost all 
undesirable from the communications point of view. 'It masks the signal during 
the daylight hours by diffused sunlight and to a lesser extent at night by 
scattering the starlight and moonlight. It attenuates the signal severely in 
many spectral bands, becoming entirely opaque in some and remaining nearly 
transparent in still others. Even in the atmospheric windows the signal is 
distorted in many ways. 
refraction, image moti?n, pulsations, and scintillation. The latter three 
relate to the turbulence of the atmosphere. 

These perturbations principally take the form of 

46 



5KY IRRADIANCE 

FlCURE 2-8 

47 



10- 

10-O 

\ 0 - ”  

IO - ‘ Z  

10-13 

1 0 ‘ ~ ~  i 
0. I 

/ 

IRRADIANCE OF S K Y .  

F / G U R €  2-7 



100 

T E l  €PHONE LABS., / N  
T H E  MICROWAVF JOURNAL 

M A R C H  1960  

/o 
8 
6 

4 

z 

F I G U R E  2-10 
SKY NOISE TEMPERATURE" 

(02 (f- YZO) 

: I  
I !  

1 

--I 

! ' _  
! 
I 

I- 
I 

49 



! 8  

i t  
! 
I j j  ' I  

- 
, !  

f - IGURE 2-// 
SKY NOISE T€MPERATURE 

( A L L  S O U R C E S )  

53 



Refraction 

A quantum of energy normally travels a straight path at a fixed 
veiocity through a homogeneous medium absent of influencing force fields. 
If this bundle of energy enters a denser medium such as an atcosphere, 
the speed decreases a little. If the wave front enters the dense medium 
at an angle, portions slow up before others causing a change in direction 
of travel called refraction. The wave is 'bent' in the direction toward 
the normal of the denser medium. 
the angle of entry with respect to the normal of the dense medium's surface. 
It is also proportional to the relative speeds in the two media which is 
a function of the density and is called the index of refraction (u). 
angle of incidence ( 6 )  and the angle of refraction (G) are related to u by 
Snell's law which says: 

The amount of bending is proportional to 

The 

where $$ and & are arroclatcd with one medium and 8 andnl are related to 
the other medlum. 

When the atwrphere l r  the dense medium, the bending Is called the 
The effect Is to make the object in space appear atmospheric refraction. 

higher than I t  actually i r .  
function of elevation angle. 
horizon it is as high as 34.5 minutes. The curve is for sea level altitude; 
for increased heights there is less atmosphere and the refraction decreases. 

Figure 2-12 shows a plot of refraction a8 a 
At the zenith there is no refraction but at the 

For a simplified communication link the angle may be limited to a minimum 
of l5O, but if a large compensation angle is tolerable, reasonably accurate 
apparent position of a space vehicle can be obtained down to about 20 elevation 
angle where the refraction becomes erratic. 

There are many irregularities that influence the refraction. An 
exanple might be the low altitude turbulence that precedes or follows a 
storm. Other factors are: time of day, temperature inversion layer, large 
surface to air temperature differential, stratified air following long periods 
of no wind, ice winds across tropical lands, cold rivers rtvning into seas, 
sudden air temperature or pressure changes, change in humidity, azimuth angle 
at some latitudes. color of vehicle (red has been 4 times as much dispersion 
rat the horizon as does blue), and irradiation (contrasting brightness objects 
apparent size growth). The parallax angle should be considered for vehicles 
reasonably close t o  the earth. Wst of these are predictable and therefore 
correctable, wnile others are minor. Tables are available for correction 
of some factors like temperature and atmospheric pressure. 

Image Motion 

The turbulence of the atmosphere causes the apparent space vehicle 
to move around in a short random path. The amount of motion (maximum deflection) 
varies from time to time and from placo to place. Adjacent to the sea and 
on high snowcapped mountains, where turbulent atmospheric conditions predominate, 
viewing is worse than on southern latitude peaks such as Mount Wilson, 
Cali for nia . 
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These random fluctuations i n  the d i rec t ion  of t he  l i gh t  are dependent 
upon the s i z e  of the aperture of  the  receiver .  With a small Eperture only a 
small, narrow, almost pa ra l l e l  bundle of l i g h t  en ters  the aperture  whose 
d i rec t ion  var ies  with the turbulent atmosphere. This causes an apparent 
t o t a l  displacenent of the image. As t h e  aperture s ize  i s  increased the image 
begins t o  blue s l i g h t l y  and  eppears somewhat s t ead ie r .  Further increases i n  
apcr ture  s j z e  r e s u l t  i n  a blurred image, but steady. The s i z e  of the  blurred 
image is about the same s i z e  of the small aper ture  image motion l i m i t s .  
This is  the r e s u l t  of the larger aper ture  capturing the non-parallel l i g h t  
rays simultaneously t h a t  enter  the small aperture  as a function of t i m e ,  re- 
s u l t i n g  i n  a smeared but somewhat larger  image. 

Tatarski* has shown that  the  mean square f luc tua t iocs  of the  angle of  
a r r iva l ( i2 jo f  the l i gh t  through the a tmsphere  i s  p ropor t -ma l  t r -  the secant 
of the zeni th  dis tance (e) of the l i gh t  

-2 2 a = A- sec 8 

A is a constant depending on the meterological conditions i n  the  order 
of a few tenths of an angular second. Figure 2-13 shows a p lo t  o f  Equation 1. 

It has been found that the f luctuat ions i n  angle of a r r i v a l  a r e  
pr inc ipa l ly  dependent on the lower layer of the a tmaphere .  
coodination of frequency and wind veloci ty ,  strong winds correspond t o  
higher frequency. 

There is a 

Figure 2-14 shows a plot of image motion vs.  elevation angle for  
good, average and poor seeing conditions. 
p lo t  of image motion vs. time."" 

Figure 2-15 shows a representat ive 

Pulsations 

This r e s u l t s  i n  an apparent change of s i z e  of the ve3:cle due to  
the turbulent atmosphere taking a momentary lense shape causing e i t h e r  
an increase or decrease i n  magnification giving a change i.n ivage s ize .  
These var ia t ions  may occur w i t h  a s i z e  r a t i o  of a t  least 2 t i 7  1 .  . 

S c i n t i l l a t i o n  

This i s  a r e s u l t  of t he  atmosphere focusing and defccusing the image 
of the  vehic le ' s  l i gh t  and appears as a ' twinkle '  i n  i n t ens i ty .  The amount 
of twinkling is  a function of the zeni th  angle. 
la rger ,  the high frequency f luctuat ions decrease and the  low frequency 
components become more pronounced. 

As the zeni th  angle ge ts  

S c i n t i l l a t i o n  corresponds to  l i gh t  and dark patches ;Jn the surface 

The r.m s. amplitude is larger  
of receiver  which a r e  about ten centimeters across.  These patches m v e  across 
the surface causing in t ens i ty  var ia t ions .  

* 
Tatorski, "Wave Propagation i n  a Turbulent Medium" 

** 
Pr iva te  conversation with A.H. Mikesell of the Naval Observatory by 
W.E. Horn, westinghouse Electr ic  Company; Space Optics Lecture Notes, 
UCLA, 1962. 
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for  small aperture  receivers .  Experiments (Protheroe 1955) have fI>und 
the mean value of the  s c i n t i l l a t i o n  is about 40 percent of the r e a n  
i n t ens i ty  for a 2.5 cm. aperture near zeni th  a t  r i g h t .  Larger aper ture  
f luctuat ions are much less ,  i n  the order of 5 percent for  30 cm cbjec t ive  
hilt var ies  over a large range. 

The number of patches on the object ive is  proportional t o  the  
square of the aperture radius  (%p . The f luctuat ions of t he  integrated 
i z t ens i ty  from its mean value var ies  as the square root of the number of  
patches seen. The time average i l lumination is  proportional t o  the area 
squared ( Then the r a t i o  o? the  f luctuat ion to  mean il lumination 
varies as?/%. When $> 2 (br lo the  following approximation holds 

)e. 

IDC R2 ho 

where : &PA= 2 c m  (approximately) 

I = mean-rquare f luc tua t ion  i n  i n t e n r i t y  of l i g h t  

52 
received through a c i rcu lar  aper ture  of radius  

IIX: = time average in t ens i ty  

h, = mean illumination of aper ture  per un i t  area 

h = mean square amplitude of i n t ens i ty  f luctuat ion i n  
the  pat tern 

This is good for  a t  l ea s t  the  range 1.25 cm<R L16 cm.  

Figure 2-16 shows the twinkling as a function of the diameter of 

2 

the receiving aperture.  It can be seen that increases i n  aperture d i a re t e r  
beyond the diameter of the l ight  and dark patches r e s u l t s  i n  l i t t l e  inprzve- 
ment . 

The lower layers  of the a tmsphere  have l i t t l e  e f f ec t  on the twinkling, 
i . e .  s c i n t i l l a t i o n  appears t o  be a function of the  higher atmospheric layers .  

The frequency of the twinkling is a function of the  zeni th  dis tance.  
The curve i n  Figure 2-17 shows a decrease i n  frequency with increased angle.  

I n  searching, acquiring and tracking the  space vehicle  from a ground 

Large bear angles are 
based station, small beam angles should be avoided where possible  due tc the 
complex and o f t en  unpredictable atmospheric e f f ec t s .  
not necessary (and undesirable from background noise point  of view) s ince 
most of the  disturbance factors of the  atmosphere are very small and predictable  
for  compensation. 
is found necessary s ince  most r e f r ac t ion  e f f e c t s  a r e  found here.  
a l t i t u d e  stations are preferred in general due to  the  r e f r ac t ion  improvement 
even though the re  is  no improvement i n  the s c i n t i l l a t i o n  e f f e c t s .  

Low elevation angles should be avoided i f  a narrow beam 
High 

This a tmspher i c  d i s tor t ion  study is based on a space t o  ear tn  l i nk .  
The ea r th  to  space s y s t e m  can be made equally as good with the proper 
se lec t ion  of op t i c s .  
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Systes Noise-Bandwidth Com?arison 

Figure 2-18 shows the noise in watts as a function of the information 
bandwidth in kilocycles for frequencies of five and 50 gigacycles and 
optical wavelength of 0.6943 and 2.36 microns. 

The radio frequency noise was found by sumning the effective filter 
bandwidth noise and the signal noise in the information bandwidth. 

For the optical frequencies, a similar method was used but the noise 
power within the filter bandwidth was not significant. 

For the 9 KMC care two values are given, the difference being In the 
assumed internal receiver noire. 
the worst case while the optimistic value assumed w.6 lOoK. 
bandwidth ie given by the equation: 

A temperature of 200K was assumed for 
The optical 

h 

0 where c = velocity of light, 3 x 10 m/sec. 

X = wavelength at frequency selected in meters. 

B = bandwidth in cycles per second. 

This gives bandwidths of 270 and 3100 cps for 2.36 micron and 0.6943 micron 
respectively, assuming a filter passband,AX, of lAo. 

The total noise is given by the equation: 

N = kT Bf + h U B i  x e 

where K = Boltzmanns constant 1.38 x Joules/degree K 
0 T = effective temperature (3 k for s k y )  e 

Bf = filter bandwidth (cps) 

h = Planks constant 6.625 c Joule-sec. 

I/ = C/X (carrier frequency) 

8 c = velocity of light 3 x 10 m/sec 

= wavelength of carrier 

= Information bandwidth, cps Bi 

For the radio frequencies the total noise is given by the equation: 

0 T, = receiver temperature, K. 
60 



. 
\ 

c 
9 

! 



0 For the 5 gigacycle case the temperatue is composed of 1 K galactic, 
1°K earth (from antenna side lobe), 5.2OK sky (+O I O,), and receiver noise 
of 20°K and lOoK. 

For the 50 gigacycle frequency the temperature is made up of O°K 
galactic, 1°K earth (side lobe of antenna), 5b0K sky, and receiver temperature 
between 2'j0 and 50' K. 
because of negligible separation. 

The two 50 gigacyle cases are plotted as one 

The background noise is given for average conditions. There will be 
times in long life missions when the background noise will be much greater 
due to the near occultation of a particularly strong source of discrete 
noise by the vehicle. The peak intensities which result will be of short 
duration. The effects can be predicted well in advance and the necessary 
allowances can be made. 

Such refinements as the effects of discrete source spatial 
distribution, Faraday rotation, etc. will be considered in the more 
complete analysis which will follow, 
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3.0 OPTICAL MASER TECHNOLOGY 

l i  

With the d e v e l o p n t  of op t ica l  maser osc i l l a to r s ,  i t  is now possible t o  
generate coherent rad ia t ion  of a large number of op t i ca l  frequencies a t  con- 
s iderable  power levels. 
fe ren t  types of materials. 
s t a t e  and gaseous type. 
glasses ,  op t i ca l  f lbers,  l iquids ,  organic materials and semiconductors. 

Maser o sc i l l a t ions  have been obtained i n  many d i f -  
The most frequently used have been of the so l id  

Maser o sc i l l a t ions  have a l so  been obtained In  

3.1 SOLID STATE OPTICAL MASERS 

Solid s t a t e  l a se r s  are usually excited by broad-band absorption of op t ica l  
frequency radiat ion.  A f a s t  non-radiative t r ans i t i on  then populates sharp 
flxorescence leve ls ;  and when a suf f ic ien t  population of excited s t a t e s  is 
obtained, stimulated emission takes place with the subsequent emission of 
coherent narrow be- radiat ion.  

When the terminal leve l  of the rad ia t ive  t r a n s i t i o n  is the ground rrtate, 
the op t i ca l  maser i s  ca l led  a three-level system. 
three-level maser. 
ground state. Almost a l l  Solid s t a t e  l a se r s  are of the four-level type. 
obtain maser o s c i l l a t i o n  i n  a three-level system, one must have a s l i g h t  
inversion of the exci ted and ground states, and t o  maintain the inversion, a t  
least as much power must be supplied t o  the cavi ty  as Is l o s t  by spontaneaus 
decay of the upper l eve l  and the non-radiative t rans i t ion .  The power emitted 
by spontaneous decay is proportional t o  the number of exci ted states and, 
since i n  a three-level system the number of exci ted states required fo r  osc i l -  
l a t i on  is more than half  the number of dope-ions, i t  takes a large input paver 
t o  maintain the osc i l la t ion .  

Ruby is an example of a 
In four-level masers, the terminal l eve l  lies above the 

To 

In a four l eve l  system when t h e  terminal leve l  is  f a r  enough above the 
ground s t a t e ,  i t s  population w i l l  be negligible.  
pondingly smaller population i n  the excited state t o  obtain maser osc i l l a t ion .  
The power l o s t  t o  spontaneous decay w i l l  then be less with the consequence 
t h a t  the threshold f o r  o s c i l l a t i o n  can be r e l a t i v e l y  small. Other f ac to r s  
such as narrow absorption band, low quantum ef f ic iency  and sca t te r ing  of 
rad ia t ion  ah30 influence the threshold f o r  maser osc i l l a t ion .  

It then requires  a corres- 

3.2 PULSE OPERATION 

The power output of Solid state lasers i s  usual ly  obtained i n  the form of 
pulses .  
short  period of t i m e  with a broad-band op t i ca l  source. 
with ruby performed by Mainan, et a1 (Reference l), the exc i ta t ion  l i g h t  from 
a f l a s h  lamp is appreclable for  t h e e  of the order of millisecond. 
l a t ed  emissiar lasts fo r  some f rac t ion  of t h a t  t ime.  The emitted pulse of 
rad ia t ion  i s  not smooth; it cons is t s  of spikes or  o s c i l l a t i o n s  occuring wlth 

In t h i s  type of operation, the laser Is usual ly  I r r ad ia t ed  f o r  a 
In the  experiments 

The stimu- 
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a frequency tha t  depends on the instantaneous i n t e n s i t y  of the f l a sh  t u b e  l igh t .  
The amplitude of the s ikes  is somewhat e r r a t i c ,  and the  avcrzgc :-cicr.:ncy of the 

0.5 millisesox!s. Hence there  are  about two o r  three hundred osc i l l a t ions  i n  
a single pulse. 
5 ki lowatts  with an energy of nearly a jou le  i n  the pulse. 

spikes i s  about 2 x 10 8 c/sec and the length of the whole pulse i s  chout: 

The l a rges t  peak power obtained i n  the experiments was 

Divalent and t r i v a l e n t  rare ear ths  i n  su i tab le  host  materials general ly  
s a t i s f y  the cha rac t e r i s t i c s  necessary f o r  maser action. 
several  d i f f e ren t  hos ts  have a l s o  been made t o  laser. 
summary of solid s t a t e  materlalr which have produced maser ooc i l la t ions .  
of the cha rac t e r i s t i c s  of t h e i r  operation are shown. 
the four-level systems is ee ren t i a l ly  the same as t h a t  described fo r  ruby. 
The four-level masers tend to  be more sens i t i ve  t o  temperature, since t o  obtain 
e f f i c i e n t  operation the terminal level  of ten  has t o  be depopulated by cooling. 
As i n  ruby, the output cons i s t r  of spikes i n  the main pulse. 
lat iorrs of ten  appea: s t rongly damped i n  cont ras t  t o  ruby where no dimping has 
been observed. In one case ( C a  F2 : Dy++) there  appears t o  have been c r i t i c a l  
damping of the osc i l l a t ions  a s  they were not detected (Reference 2). Usually 
the frequency of tile osc i l l a t ion8  is f a i r l y  constant with some f luc tua t ions  of 
the mpli tude .  A pulse t h a t  consists of very regular  damped o s c i l l a t i o n s  has 
been observed (Reference 3) i n  Ca w04 : Nd*, 
absor2tion band t h i s  laser does not ~ e e m  su i t ed  f o r  high power operation. 
Threshold energy fo r  pulse Operation is general ly  much lower than the 800 jou le  
threshold i n  ruby. 
few j x l e s  hrvc been o5served i n  several  d i f f e r e n t  maser systems (see Table I).  

Trivalent  Uranium i n  
Table I is a p a r t i a l  

The pulsed operation of 
Some 

These osc i l -  

but because of the narrow 

A t  l o w  temperatures, threshold energies  of the order of a 

The threshold energy is sens i t ive  t o  changes i n  temperature. The de- 
has  been measured by 

The f lash  lamp energy required t o  obtain mrser 
peridence of threshold fo r  maser action i n  C a  F2 : 
Boyd, e t  a1 (Reference 4). 
o s c i l l a t i o n  was: 
and about 3 0 0 0 K .  
observed fo r  most of the  other materials. 

20 j ou le s  a t  MOK, 3.78 joules  at  V K ,  4.35 joules  a t  W O K ,  
Temperature dependence of the threshold energy has also been 

The non-radiative t r a n s i t i o n  r e su l t s  i n  absorption of energy by the 
c r y s t a l  lattice, and hence i n  continuous high power operation there w i l l  be a 
large amount of energy t ransfer red  to  the c r y s t a l  lat t ice.  Kaintaining 
constant temperature under these conditions presents  a d i f f i c u l t  cooling 
problem. Heat t r ans fe r  from the  maser mater ia l  w i l l  probably be of prac t i ca l  
importance i n  a t t a in ing  high power r epe t i t i ve  pulsing in solid s t a t e  materials.  

3.3 GIANT PULSE 

IC norm1 p l s e d  opetptiolr, o sc i l l a t ions  begin ar soon as a c r i t i c a l  
inversion is achieved, t ha t  is, as soon as the s ing le  pass gain exceeds the 
s i p g l e  PETS 135s. Csci l la t ion  may be postponed by making r e f l ec t ion  losses  
very large and i f  the ruby is strongly exc i ted  a high inversion can be 
established. A ICerr cel l  switching technique has been used t o  decrease the  
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cavi ty  l o s s  suddenly. 
consequence t h a t  the energy i n  the cavity is l i m p e d  i n  a very sho r t  high power 
pulse .  
of 600 k i l o v a t t s  with a pulse duration of 12 Iisec. 
(Reference 6) using d s l i g h t l y  d i f fe ren t  arrangement has measured peak powers 
of 20 megawatts of pulse drjration 7 x 10-9 sec. 

One then has inversion f a r  above threshold with the 

k c l u n g  arid Hellwarth (Reference 5) have obtained peak output pouers 
More recently,  Woodbury 

In principle ,  one can control  the length and power i n  a s ingle  pulse of 
t h i o  type. 
duration. Of  course, there  is a limit t o  the peak power obtainable,  which is 
set by the  maxlmclm energy t h a t  can be s tored  i n  the ruby and the  minimum t i m e  
it taker  t o  dump it. Thir t i m e  cannot be less than the  tima it takes a photon 
t o  t r w e r r o  the length of the cavi ty  r e v u a l  t i m e .  

The power out would be roughly inversely proportional t o  the  pulse 

Ruby i r  espec ia l ly  well su i t ed  t o  the g ian t  pulre  mode of operation 
becauus of the  r e l a t i v e l y  10% lifet ime of the  fluorescence level.  

3.4 CONTINUOUS OPERATION 

In continuous operation of four-level so l id  state materials, the osc i l -  
l a t i o n s  that are c h a r a c t e r i s t i c  of the puleed mode are damped out i n  times 
less than a few milliseconds, or they have not been observed at  a l l  because 
of inadequate time reso lu t ion  of t he  de tec t i sg  device. This is i n  cont ras t  
t o  ruby where the o s c i l l a t i o n s  pe r s f r t  with a f a i r l y  regular  frequency and a 
large s l i g h t l y  erratic amplitude. 
a t e  similar t o  those observed i n  the pulse mode of operation. 

The c h a r a c t e r i s t i c s  of the  o s c i l l a t i o n s  

Continuous power output has been obtained w i t h  severa l  d i f f e ren t  maser 
materials. 
ence 4) with output power of 10 pwatts. Threshold f o r  continuous o s c i l l a t i o n  
i s  1200 w a t t s  and maser ac t ion  occurs a t  a wavelength of 2.613. 

The system C a  F2 : 2$+ has operated continuously a t  V°K (Refer- 

Trivalent  Neodymium i n  host material  C a  WO4 has lasesed continuously a t  
77OK with 1300 w a t t s  f l a sh  tube power (Reference 7) and output of 1 milli- 
w a t t  a t  1.065 p. 
continuously (Reference 2). 
about 2 m i l l i w a t t s  a t  2.45 p. 
was 600 w a t t s  electrical input t o  the imp. 

The system C a  F2 : has a l s o  been m a a e  EO o s c i l l a t e  
I n  the first reported operation, the output w a s  

A t  2T°K the  threshold f o r  continuous operation 

Continuous operation has also been a t ta ined  i n  a ruby op t i ca l  maser 
The threshold f o r  (Reference 8) with the maser osc i l l a t ion  at 0.6943 p. 

o s c i l l a t i o n  at 77oK w a s  850 w a t t s  supplied to  a shor t  arc high-pressure 
mercury larep. At an input power 9% w a t t s ,  the  maser beam produced 4 m i l l i -  
wat ts  of power, and as mentioned above consis ted of undamped osc i l l a t ions .  

It has been reported recent ly  t h a t  threshold for continuous operation with 
Ca F2 : Dy* has been reduced t o  50 watts using a tungsten lamp as the pump 
(Reference 9). Using a 1 kilowatt  tungsten lamp, continuous power of about 
1/2 w a t t  has been obtained. The power is concentrated in a s ingle  mode when 
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a l s o ~ b e d  by tlic 1~ i t er ia1  c 7 about A p c c c c r ; ~ .  c .onsidcrably tiigllcr :x~..crs arc 
expected with i iaprwed ccoling and opti;.!i;:c;l c rys t a l  geomtry.  Xt is c lea r  
t ha t  Ca F2 : Dy++ i s  presently one of the most promising mater ia ls  for  high 
power continuous output. 

Ruby is  another mater ia l  t ha t  at  least theore t ica l ly  should be capable of 
high continuous power output (Reference 10). 
continuous ruby laser has been proposed, and theore t ica l  considerations indi-  
cate t h a t  t h i s  should be possible without any r ad ica l ly  new technological 
developments. Eff ic iencies  of about 1 percent are anticipated.  So far, 
r e l a t i v e l y  l i t t l e  e f f o r t  has gone into obtaining high eff ic iency,  high continu- 
ous power, or  high power r e p e t i t i v e  pulsing. To our knowledge, e f f i c i enc ie s  
reported in the  literature atre less than 1 percent and are usual ly  less than 
0.1 percent. There does not appear t o  be a basic  l imi t a t ion  t h a t  would prevent 
Substant ia l  increases in ef f ic iency  in  the normal courae of the  development of 
laser technology. Tawncs (Reference 11) has speculated tha t  e f f i c i enc ie s  of 
10 o r  20 percent are possible. 

The development of a 10 watt 

Related t o  the problem of eff ic iency is  the production of high power, o r  
more precisely high continuous or  quasi-continuous power. 
it is  present ly  possible t o  obtain very high power pulses of short  duration. 
However,  the  rate a t  which these pulses may be repeated is  present ly  l imited 
by the paver c a p a b i l i t i e s  of  the exc i ta t ion  source and by heating of the ruby 
and op t i ca l  elements i n  the system. 

As discussed above, 

'Rte attainment of high power r epe t i t i ve  pulses or  continuous power output 
depends, among other things, on the  development of higher e f f ic ienc ies ,  
adequate cooling techniques and improved exc i ta t ion  sources. It seems tha t  
with an e f f o r t  i n  t h i s  d i rec t ion  continuous power from 1 t o  10 w a t t s  and 
r e p e t i t i v e  pulsed output of ,  say, 10 t o  100 w a t t s  average power w i l l  be 
possible i n  a few years or  less .  

3.5 SPECTRAL CHARACTERISTICS 

Optical maser osc i l l a t ions  have been obtained i n  the range 0.6943 t o  
2.613 p (see Table I). 
beam angles tha t  are typica l ly  about 10'2 radians. 
much information i n  the l i t e r a t u r e  about the l i n e  width and frequency s t a b i l i t y  
of the  output of s o l i d  state materials with the exception of ruby. 

The output exhib i t s  spac ia l  and tine coherence with 
There is present ly  not 

In ruby the spectral width of the l i g h t  output appears t o  be set by the  
0.5 peec i n t e rva l  betwcen spikes as t h e  measured bandwidth of the emission f r an  
a s ing le  spike is about 2 megacycle& per second. 

When the spectral d i s t r ibu t ion  of the rad ia t ion  from a number of spikes 
w a s  measured, a bandwidth of 20 megacycles per second w a s  obtained, which 
showed t h a t  there w a s  no coherence between successive pikes. It has been 
observed t h a t  the mby o s c i l l a t e s  simultaneously i n  a number of axial modes 
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(Reference (13). 
the ruby of the order of 100 wavelengths (Reference 14). 

There is  evidence of s p a c i a l  coherence o\Fer the end face of 

The frequency of the ruby l i n e  is temperature dependent which indicates 
thermal tuning i n  possible. Measurements of the temperature dependence of the 
frequency of t e R 1  ruby l i ne  show that the change of wavelength with tempera- 
t u r e  is 0.065 k deg (Reference 15). Because the spectral width is of t h i s  
order, good teaperature control is necessary fo r  frequeacy a t ab i l i t y .  

3.6 GASEOUS UPTICALMASERS 

Maser orc i l l8 t ions  of frequencies rangiDg from the v l r l b l e  (0.63 p) t o  
the middle infrared (12 p) have been obtained i n  gaseour materials. So far, 
maser act ion h u  been obtained i n  10 d i f fe ren t  gueaur rystema (see Table 11). 
A considerable .8nmt of theoretic81 and experiment81 work haa gone i n to  the 
rtudy of the He-Ne gaa syotem (Reference 16). The o r c l l l a t o r  consis ts  of a 
Fabry-Perot i n t e r f a rme te r  about 8 meter long, and population inversion is 
achieved by exciting helium atom t o  a metastable rtate In an e l e c t r i c a l  
discharge. The helium atom eresafer the exci ta t ion energy t o  the neon gas 
by co l l i s ions .  Under su i tab le  conditions a stimulated t r ans i t i on  of the 
exci ted neon .tome t o  a lower level  takes place t o  give the maser osc i l la t ion .  

The output of gaseous lasers is characterized by extremely monochromatic, 

Frequency s t a b i l i t y  has been found 
narrow beam, continuous radiation. 
obtained i n  a He-Ne system (Reference 17). 
t o  be 2 pa r t s  i n  109 over 100 second time intervals.  It is  expected tha t  it 
w i l l  be possible t o  obtain a high degree of long term frequency s t a b i l i t y  i n  
gaseous lasers  . 

Inherent l i n e  widths of 2 cps have been 

The power output of most gas lasers  has been of the order of m i l l i w a t t s .  
As i n  the so l id  materials, re la t ive ly  l i t t l e  e f f o r t  has been made t o  obtain 
high power outputs. In the He-Ne system 15 matts was obtained i n  a single 
l ine  with an estimated power diss ipat ion of 50 watts. Saturation occurs a t  
about 75 w a t t s  and additional power input does not increase the output power 
i n  the beam. Bennett (Reference 18) suggests t h a t  through the use  of mode 
suppression techniques i n  long interferometers, through the use of cooling 
techniques i n  multiple tube s t ructures  or through the use of power amplifiers 
tha t  a sizeable f r ac t ion  of a w a t t  might eventually be obtained. 

Gas lasers, fo r  reasons tha t  are re la ted  t o  their l o w  density, do not 
have the potent ia l  f o r  high power pulsed operation tha t  e x i s t s  i n  sol id  state 
material. 

Some reported charac te r i s t ics  of opt ical  m a s e r s  are given i n  Table 111. 
We n?ay not have the most recent capabi l i t i es  of op t ica l  masers. 
gas lasers may already be able t o  produce pasere greater  than the 10 nwatts 
l i s t e d  i n  the table. 

For example, 
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TABLE 11. Sumnary of Optical Maser Transitions 
and Beam Power 

Wavelength 
(microns) 

0 -6328 
1.0798 
1.0843 
1.1143 
1.1177 
1 1390 
1 . 1409 
1 1523 
1.1601 
1 . 1614 
1 . 1767 
1 1985 
1.2066 
1.5231 
3 -3913 
7.1821 
0.84462 
0.8Wc62 
2 -0603 
1 1523 
2.1019 
5-40 
1.6180 
1 . 6941 
1 793 
2.0616 
1.6900 
1 . 6936 
1 . 7843 
1 . 8185 
1.9211 
2.1165 
2 . 1902 
2 5234 
2.0261 
5.5738 

Continuous Power 
(mU per beam) 

4 

20 

1 

3 
10 

0.025 

1 

1 

3 
1 
1 

0.5 

1 

Reference 
(first work) 

26 

16 

16 

27 
20 

29 
30 
30 
31 
32 
31 
33 

31 

31 

31 
31 

31 
33 
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TABLE I1 ( c o n t ) .  Sumnary of Optical Maser Transitions 
and Beam Powe~ 

Gas 

Helium-xenon 

Wave length 
(microns ) 

2 -0261 
2.3193 
2.6269 
2.6511 
3.1069 
3.3667 
3.5070 
3.6788 
3 6849 
3 8940 
3 9955 
5 * 5 m  
7.3147 
9.0040 
9 7002 
12.263 
12.913 

Continuous Power 
(mW per beam) 

10 

Ref erewe 
( f i r s t  work) 

31 
33 
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Table IV gives anticipated power performance. These numbers do not seem 
t o  be unrea l i s t ic  i n  view of estimates based on exis t ing technology made by 
ccrrent  workers in the f ie ld .  

3.7 OTHEB MASER MATERIALS 

Laser action has been obtained in  a semiconductor, i n  Nd3+-doped g lass  
.nd i n  l iqu id  end organic materials. 
gated t o  a much lesser extent than t h e  so l id  otate and gareous materials. 

These laeer materials have been invest i -  

The G a  As diode laser (Refereaces 19 and 20) is par t icu lar ly  interest ing 
because it rea l i zes  the d i rec t  convereion of electrical energy t o  coherent 
radiation. 
l5OA. 
e l e c t r i c a l  current is applied i n  the form of pulses of 5 t o  20 psec duration 
with the diode inmereed i n  l iquid nitrogen. 

Maser act ion at  1.06 p i n  Ndp-doped glass  has been obtained using clad 
The cladding r e s u l t s  i n  a reduced number of m o d e s  of 

The emission i s  i n  the infrared with meamred spectral  width of 
The power out is  proportional t o  the input electrical current when 

f i b e r s  (Reference 21). 
o sc i l l a t ion  and can provide fo r  high-Q surface wave modes a t  the opt ical  
interface between the core and the cladding of the drawn glass  f iber .  

I 
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4.0 OPTICAL DETECTOR TECHNOLOGY 

Since the  s t a t e  of op t i ca l  detector  technology was considered t o  be 
more completely understood and less  c r i t i c a l  f o r  the r e s u l t s  of t h i s  study, 
it was decided t o  concentrate ear ly  on the  S t a t i s t i c a l  Theory of Quantum 
Detection i n  order t o  resolve as  quickly as possible  some of the  problems i n  
in t e rp re t a t ion  of information capacity of o p t i c a l  beams. 
repor t  on t he  resultrr of that study thus f a r .  It is intended t o  pursue t h i a  
study in the  next rtudy phare a8 w e l l  aa prepare an up-to-date sunrey and 
ana lys i s  of ex i r t i ng  optical detectors.  

This sec t ion  is  a 

4.1 THE THEORY OF THE TRANSMISSION OF INFORMATION BY OPTICAL MEANS 

Even if no ccxuponents o r  emrironments introduce noise i n  an o p t i c a l  
communications aystem, such a system w i l l  s t i l l  not be noise-free because 
of the nature of l i g h t  i tself .  
spec i f ied  o~.Zical cormmication system on the  bas i s  of photon f luct t ia t ions 
of the  signal alone. 
capacity, but it is of prime importance t o  understand t h i s  basic  l imitat ion.  
An addi t iona l  photon noise input t h a t  is of ten  not completely removable is 
the  photon f luc tuut ion  due to  a steady input of ambient light, such as t h a t  
from the daytime sky. The theory of t he  information capacity of a beam of 
l i g h t  under these conditions, subject t o  the  r e s t r i c t i o n  t the  l i g h t  is  

One may assign an information capaci ty  t o  a 

Other sources of noise  may fu r the r  degrade this  

nondegenerate (incoherent), has been developed by Jones. (if" 
Jones developes the  concept of information e f f ic iency  I , given i n  b i t s  t per  photon, and shows t h a t  t h i s  e f f ic iency  may be made as great  as desired 

by increasing the  s ignif icance of t he  a r r i v a l  time of the  photon o r  photons 
cons t i t u t ing  a signal pulse.  
period and/or by decreasing %he time uncertainty i n  the  pulse a r r i v a l .  
a scheme would decrease the  average transmitted power and hence reduce the  
information capaci ty  C ( b i t s  per second) i f  one merely moddated the  output 
cf a co-iltic;lcus t ransmi t te r ;  however, s ince the  giant-pulse l a s e r  and the  
hair-tr igger-mcde l a s e r  approximately maintain t h e i r  average transmitted 
power i n  such circumstances, such modulation is qui te  p rac t i ca l  f o r  l a s e r  
conrmunication systems. I n  other words, the  theo re t i ca l  optimum probabi l i ty  
f o r  pulse transmission per pulse period i s  not p = l/e f o r  such systems, but 
instead p A O  is b e t t e r ;  the  optimum value i s  a matter of p r a c t i c a l i t y .  

This is done by increasing the  in te rpulse  
Such 

Jones' ana lys i s  included a ca lcu la t ion  of the  threshold and s igna l  
level needed t o  optimize It in the presence of ambient l i g h t  f o r  d i f f e r e n t  
values  of p. In  Table I, p is the probabi l i ty  t h a t  a "one" was transmitted 
dcr ing one pulae period (i.e., one pulse  duration o r  gate period) of T 
seconds, A is the  mean number of ambient photons received within T seconds, B is 
t h e  optimum threshold s e t t i n g  i n  terms of photons per T, and M is  the  optimum 

R.C.  Jones, J. Opt. Soc. Am. 2. 493-501 (May 1962) 
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mean number of received s ignal  photons per puise, where the  optima a r e  
taken t o  maximize the  information e f f ic iency  It, in b i t s  per photon. 
da t a  a r e  va l id  with two important r e s t r i c t ions ,  namely tha t  c l a s s i c a l  
s t a t i s t i c s  a r e  applicable t o  the photon count p robab i l i t i e s  and that no 
o ther  noise s m r c e s  are present. Although these r e s t r i c t iona  a re  not 
rigorously s a t i s f i e d  by the  laser  communication systems we are working on, 
the  data given i n  the t ab le  a re  approximately cor rec t  f o r  c e r t a i n  important 
types of such systems. 
spec t r a l  pu r i ty  (very narrow spec t ra l  l ines)  these data w i l l  o f ten  lead t o  
overly opt imis t ic  predictions.  

The 

However, f o r  systems using l a se r s  having high 

Table I. Conditions that  maximize information 
eff ic iency It. 

I 
P '  A b i t  s/bhoton R M 

0 -5 
0 05 
0-5 
0 05 
0.5 

0.1 
0.1 
0.1 
C.l 
0.1 

0.001 
0.001 
0.001 
0.001 
c .001 

0 
0.5 
1 .o 

10 
30 

0 
0.5 
1 .@ 

10 
30 

0 
0 -5 
1 .o 

10 
30 

1.0 
0 33065 
0.263- 
0.11058 
0 .OS9315 

3 032193 
0.73298 
0 58757 
0.24608 
0.15401 

9 96578 
1 28758 
1.05594 
0.46554 
0 29558 

1 0 
2 2.6 
3 3 e75 

16 11.75 
39 18.6 

1 0 
3 3 - 6  
4 4.5 

18 13.0 
43 21.2 

1 0 
5 6 .O 
6 7 *o 

23 18.6 
51 30.0 

Jones has considered the propert icr  of r a d i a t  o e t e c t o r s  from an 
information theory standpoint i n  two o ther  papers t2r b). The second of 
these giver infoxuution e f f i c i enc ie s  f o r  the detect ion of synrmetrically 
modulated l i g h t  signals by several  types of detectors .  
r e s u l t s  a r e  less complete and s igni f icant  than those given above, the data  

Although these 

R. C. Jones, J. Opt. SOC. Am. 2, 1166-1170 (Dec. 1960) 

B. C. Jones, J. Opt. SOC. Am. 2, 1193-1200 (NCmmber  1962) 

(2) 

(3) 
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i n  Table I1 should be a helpful guP& because they indicate  the  r e l a t i v e  
advantages of various detectors.  It should be noted tha t  the change pro 
would genera.1l.y r e s u l t  i n  iP.fowatien e f f i c i enc ie s  grea te r  than those given 
i n  Table 11. 

T 2 , ' t - l ~  il. Infomution e f f ic iency  of various detectors  f o r  
symmetric modulation. 

Detector area, 
t 

2 A, 
W.velength, Detector Type bits/photon cm millimicronr 

400 1 P21 Phototube 0.1 1.0 

Human Viaion 7.2 10-3 - 
430 'lo Royal-X Film 1.v 10-3 10-4 
395 6849 Orthicon 2.0 10-5 1 .Q 

Heat Detector 1.65 x 1.0 500 

In  addi t ion  t o  these tabulated data, r e l a t ions  are given t h a t  a i d  one 
i n  determining the  e f f e c t  of various types of de tec tor  noise on the  informa- 
t i o n  e f f ic iency  o r  capacity. 
each type 6f 6ystem must be analyzed separately.  
zation has ye t  t o  be f u l l y  studied. 

Since these r e l a t i o n s  a r e  not e x p l i c i t  expressions, 
The problem of system optimi- 

In a11 the  preceding analysis ,  it is t o  be understood that the  l i g h t  beam 
is  not degenerate. The means for  determining degeneracy w i l l  now be developed. 

For interplanetary communication the t ransmi t te r  and receiver  w i l l  
usually appear t o  each other  as  point objects,  i.e., the  angle subtended by 
the aperture  of each a8 seen by the other  w i l l  be much l e s s  than the 
d i f f r ac t ion  l i m i t  of the  observing aperture.  Since there  w i l l  therefore  be 
no p o s s i b i l i t y  s p a t i a l l y  dis t inguishing the  photon8 of the beam, such a beam 
may be sa id  t o  be s p a t i a l l y  degenerate. The degeneracy of the  beam is then 
determined e n t i r e l y  f 
t i m e  6 of the l i gh t .  fo The coherence time us of the  order of 
(2  ax) 
pulse period T s a t i s f i e s  the r e l a t ion  T > X , ,  t h i s  is the  appropriate time, 
but as T aFproackes z e r 3  the value of must a l s o  approach zero i n  order that 
T L 6 may be sa t i s f i ed .  This r e l a t ion  expresses the well  known r e s u l t  t h a t  
mcrdulafion causes spec t ra l  broadening. 

the number of photons n received within the coherence 

fl-1/2, where AA is the frequency spread of the source i n  cps ; i f  t he  

L. a n d e l ,  Proc. Phis. : 
1. 14, 233-243 (Sept. 1959) 

(4) 
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The number of degrees of f reedm o r  independent states is given by T/e. 
I f  the average number of photons per pulse period T is represented by n, the  
average number of photears par s t a t e  (the degeneracy parameter) is given by 
Q/T. For nondegenerate l i gh t ,  AE/T = zero, and f o r  f u l l y  degenerate light, 
@/T = ii. The theory of Jones is applicable when iiC/Te( 1. 

-0 As an eatample, le t  u6 consider a multiple-giant-Ptrlre ruby l a se r  
transpait tar having a bandwidth of 0.5 Aoand a p l e e  duration of 3 x 10 
rec. H e r e  A X  = 3.0 x 1010 cpr and T = 3 x lo4 rec. We find t h a t  
9.4 x 10-12 sec 8pd hence tbt T/! 3: 320. since S!/T = 0.1 f o r  n = 32, tht 
beam may be conrldered nondegenerate f o r  most purporer if ?i 1 3 2 .  
photon. t h a t  are not detected have negl ig ib le  e f fec t ,  5 may be conaidered 
t o  be a photoelectron count; eu6B a signal is more than adequate f o r  opera- 
t i o n  with ambient rad ia t ion  from the daylight sky. 

Since the  

Many laser systems w i l l  not be even approximately nondegenerate. 
over, the dynamics of in te rna l ly  control led lasers may prove t o  be complex. 

o h t e  f e r  a study of noise i n  such larer r y r t e m  ar 

gives the probabi l i ty  distribution of photoelectron6 f o r  any degreee of 
degeneracy of a beant of l i g h t  with r e c t a n g d a r  spec t ra l  line shape, wherear 
t he  latter paper is concerned with noise i n  maser amplif iers  and may provide 
tools f o r  ana lys i s  of mise i n  feedback-controlhd pulsed Irsers. 

Uore- 

he work of 
a n d e l  StartiY4Y and a l s o  a paper by Sbimoda, Tlkahaai, and Tawnee f5S . k n d d  

smmary, the study t o  date ind ica tes  that the most e f f i c i e n t  syrtem 
is prsbably one using a mul t ip l ie r  phototube; photon noise, including both 
signal f luc tua t ion  and f luc tua t ion  i n  ambient light is therefore  the  most 
important noise t o  be considered. 
because of its f a i l u r e  t o  respond t o  each photon and a l s o  introduces 
addi t iona l  noise because of i ts  dark current and the  f luc tua t ion  i n  output 
pulse  energy f o r  each detected photon, although these sources of noise are 
probably negl igible .  Evaluation of the inforumtion ef f ic iency  o r  capacity 
of sample systems appearr t o  be the next step, although the  theory of the 
noise propert ies  of 8IP actual lrrcr smcld be imrertigated f i r s t  t o  permit 
ana lys i s  of a11 important types of systems. 
ind ica tes  that  i f  T/C is @qual to two, i n  some ca8es t he  information 
e f f ic iency  may be approximately halved. 
control led l a s e r s  have not been studied even approximately. 

Tbe photcrtsbe introduces 108s (attenuation) 

A preliminary ca lcu la t ion  
. 

Fully degenerate or i n t e rna l ly  

(51, 
ShhOda, Takabs i ,  and 'Sownes, J.  Phys. Soc. Japan & 686 (1957) 

79 



3.0 MODUUTION AND DE-MODUUTION TECHNIQUES 

The following sect ion considers the v i r t u e s  and l imi ta t ions  of 
var ious c a r r i e r  modulation techniques, the  types, app l i cab i l i t y  and 
e f f i c i e n c i e s  of the methods of source coding, and the  1Lmitations imposed 
on transmission r a t e s  imposed by computer storage on burst  modulation 
8Ch-8. 

5.1 CARRIER HODmATION TECHNIQUES 

As h a  already been pointed out in the  Study Proposal, a f a i r l y  &rge 
number of modulation techniqtrer b e  been proposed. These techniquor nuy 
be c h s r i f i c d  aa being e i t h e r  in te rna l  or external depending on whether 
the  l a se r  output i s  var ied within the  laser i t s e l f  o r  i n  a separate s tage 
following the l a se r  o sc i l l a t ion .  Before attempting a preliminary evalua- 
t i o n  of the  variouo methods it i a  useful  t o  present some general commcnts 
regarding in t e rna l  and external  modulation. 

In  in t e rna l  modulation the e f f e c t  is  enhanced by the Q of the laser 
cavi ty  so that prinury power requirements a r e  generally muller. 
over, there  is no l o s s  of laser signal already generated a s  is inevi tab le  when 
the  l i g h t  i n t ens i ty  is varied external  t o  the laser .  
e f f ic iency  could be expected t o  be greater .  
stem from the  r e l a t i v e  newness of the  l a s e r  devices. 
gas lasers must operare with a high Q o p t i c a l  cav i ty  and attempts t o  
introduce a modulation element i n to  th i s  cavi ty  can e a s i l y  quench the  
o s c i l l a t i o n s  al together .  In addition inves t iga tors  a r e  s t i l l  searching 
for means t o  improve the frequency and amplitude s t a b i l i t y  of the laser ,  
and thus it is  na tura l  t h a t  the various problems be separated and more 
emphasis be placed on external  modulation techniques. As l a se r  technology 
is  improved it is expected tha t  more and more of the  research and develop- 
ment w i l l  center  aboGt in te rna l  modulation techniques. Nevertheless, two 
d i s t i n c t  disadvantages of in te rna l  rncadclation should be recognized. 
most of the techniques res-i l t  in a non-linear response of the  l eve l  of 
o s c i l l a t i o n  with changes on cavity pa rme te r s .  More seriously,  the  band- 
width is lfmited by the high Q of the op t i ca l  cavity.  
t i o n  of t h i s  problem consider the path of the average photon i n  a gas laser. 
Assuming 99 percent r e f l e c t i o n  by the  output end mirror (and 100 percent 
r e f l e c t i o n  at the  other end of the cavi ty) ,  the average photon makes 100 round 
t r i p s  within the l a se r  cavi ty  before being omitted. 
meter long, the  phaton require9 l p  sec t o  escape. 
rate m u s t  be l imited t o  less than a megacycle. 
gain per un i t  length of the laser  material ,  a tradeoff exists between 
bandwidth and output power. 

More- 

Thus the  ove ra l l  syrtem 
Mort of the present day problems 

Thus, for example, 

F i r s t ,  

To gain an apprecia- 

I f  t h i s  cav i ty  is 1.5 
Thus the  modulation 

Clearly, f o r  a given 

The proper t ie r  generally descr ipt ive of external  modulation are j u s t  
the  reverse of those a t t r ibu tab le  t o  i n t e r n a l  modulation. 
and more l inea r  responses a r e  to be expected a t  the cost  of low eff ic iency.  

Larger bandwidths 
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The comparison is par t i cu la r ly  apt when a par t i cu la r  e f f e c t  is u t i l i z e d  to 
modulate the lasex beam e i t h e r  in te rna l ly  or  external ly .  
cha rac t e r i s t i c s  i n  mind a preliminary evaluation of these modulation methods 
which have been investigated t o  date  can be nude. 

With the above s t a t ed  

1) Pmp pcwer modulat!mn 

On December 2'7, 1962, a voice message was transmitted over a dis -  
tance of 17 m i l e s  between the Hughe8 Baldwin H i l l s  T e s t  S i t e  and the  Malibu 
Research Labs. The t ransmit ter  w a s  a &-Ne gas l aee r  modulated by imposing 
a voice amplitude modulation onto the  28 mc t ransmi t te r  used t o  pump the 
l aser .  
f a i r l y  large noise leve l  at  the receiver.  
with a narrow band 1 kc amplifier was 15 db) . 
the  s implici ty  and u t i l i t y  of t h i s  modulation technique a t  least f o r  voice 
ccnmnunications. 
The audio signal is superimposed on the  28 mc s igna l  whose l eve l  is set 
between the k s e r  threshold level and i ts  peak output. 
ondeairat le  t o  have 100 percent modulation of the  28 m c  sigrcgl. 
data  indicate  that a dr ive  level of appmximately 40 watts and a 20 percent 
modulatioi leads t o  accepzable distortiorr  levels .  The percent of l a se r  
modulation is  of course much higher, but fur ther  evaluation is necessary 
before firm f igures  can be stated.  
w h a t  the  frequency l imi ta t ion  might be. 
times may play a pa r t  so as t o  l i m i t  the  frequency response below that 
of the  o s c i l l a t i o n  bui ld  up time (-1 y sec) . 
t r a n m i t t e r  $c i rcu i t s  and broad banding of the matching network is necessary 
before any f i n a l  eva lu i t ion  can be made. 
reqiiirements of the  modulation metkod i s  ma11 compared t o  that of the  
basic  laser .  

The qua l i ty  of the voice WPB qu i te  good despi te  the presence of a 
(The S/N r a t i o  as measured 

This experiment demonstrates 

The operation can be described by r e fe r r ing  t o  Figure 5.1. 

Clearly, it is 
Preliminary 

It is  a l s o  not de f in i t e ly  known as ye t  
It is possible that ionizat ion 

Improvements on the  28 m c  

In  any case, weight and power 

Pump power modulation i n  the case of the semiconductor l a se r s  is 
Ga-As diodes, when emit t ing in-  expected t o  allow much wider bandwidths. 

coherently, have already been Gsed t o  transmit te lev is ion  s igna ls  (See Ref. 1). 
Since the pumping method i s  m s e  d i r e c t  112 this case (i.e.,  population 
inversion is achieved by inject ing hcles  in to  the N region of a PN junction) 
larger percent modulation should be possible before incurr ing appreciable 
d is tor t ion .  Limitations imposed by the  junction capacitance would undoubtedly 
lead t o  a tradeoff between power output and bandwidth. 
power requirements should be small compared t o  the  primary laser power 
requirements. 

Again, the  modulation 

':he hai r - t r igger  mode (Ref. 2) of modulation c l ea r ly  f a l l s  within 
the realm of pump moddation. 
adapted t o  e i t h e r  8 ~ l 0 g  o r  d i g i t a l  modulation, the  ha i r - t r igger  mode 
would be limited s t r i c t l y  t o  some form of pulse modulation ( e i t h e r  PM o r  
PPM). 

Unlike the previous schemes which could be 

Again, power requirements should be r e l a t i v e l y  mall. 
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2) Packel Effect  Modulators 

The most widely investigated modulation technique i n  the l a se r  
industry I s  one which uses the  PorLiCCl e f f ec t .  
been recorded within the past  year which have resu l ted  i n  wide bandwidths and 
decreased power reguisement. 
obtained depending apon whether an analyzer po lar iza t ion  f i l t e r  i s  used. 

S igni f icant  advances have 

Either i n t ens i ty  o r  p h r e  modulation may be 

Crystals  which may be used on Pockel modulators include var ious 
dihydcgen photphates, 5 Ce (Sphalerite),  and CuCl (suprous chlor ide) .  
The l a t t e r  has the  high& e lec t ro-opt ica l  of a l l  known c rys t a l s .  
I n  addi t ion the  c r y s t a l  has cubic sylmnctry and therefore  exh ib i t s  l e s s  
l i g h t  leak than the  dihydogen phosphates. Perhaps the most advanced 
modulator reported so far (Ref. 4) is one employing a t rave l ing  wave 
s t ruc tu re  cons is t ing  of a p a r a l l e l  p l a t e  transmission l i n e  i n  which a 
port ion of t he  d i l e c t r i c  is ADP o r  KDP with the o p t i c  axis perpendicular 
t o  the d i r ec t ion  of the  l i g h t  be=. 
width and requires  only 12 watts of microwave power f o r  100 percent modu- 
l a t ion .  
fu r the r  improvement i n  Pockel e f f ec t  modcllators allowing external modulation 
of e i t h e r  ixZeneity or p h r c  t o  be accomplished within reasonably s ized 
packages. 
a l l  weight of x) pound6 would seem t o  be a reasonable object ive.  

(Ref. 3) 

The device exh ib i t s  a gigacycle band- 

Furfher developments i n  t h i s  rapidly advancing f i e l d  should see a 

Priuury power requirement of less than 50 watts with an over- 

A pmriising appl icat ion of a Pockel o r  Kcrr c e l l  f o r  modulating a-ruby 
laser iiivolvts t h e i r  use i n  regeneration cont ro l  a f t e r  smoothing the  laser 
output with a feed-back c i r c u i t .  
i n  Figure 5.2. The use of the  feed-back loop to  change the  laser output 
from a series of pu l se l e t s  t o  a smooth pulse has already been demonstrated 
(Ref. 5 ) .  
obta in  modulation rates w e l l  i n  excess of 10 mc  during t h e  pulse duration. 

A b l x k  diagram of t h i s  scheme is  presented 

By modulating the bias  on the  Kerr C e l l  it should be possible  t o  

Another approach would dispense with t h e  feed-back loop but would 
use the  p e r i d i c f t i e s  of the  pulse le t s  themselves as a bas i s  f a r  the modu- 
l a t ion .  The cont ro l  of the relaxat ion t i m e  constant e i t h e r  with a Kerr C e l l ,  
or perhaps with sinall changes i n  pump level,  would then y i e ld  a form of pulse 
pos i t ion  modulation i n  which the ps s i t i on  of each pu l se l e t  r e l a t i v e  t o  the 
previous pu l se l e t  would convey the information. 
that t h i s  method may be extremely sens i t i ve  t o  heat ing within the  ruby and 
f u r t h e r  inves t iga t ion  i s  necersary t o  determine its f e a s i b i l i t y ,  

It is forseen, however, 

3) O t h e r  modulation techniques 

Modulation techniques u t i l i z i n g  mechanisms o ther  than pump power  
v a r i a t i o n  o r  the Pockel e f f e c t  are  probably less a t t r a c t i v e .  E i ther  the  
power requirement is  too high o r  the  frequency response is sharply l imited.  
A f i n a l  evaluation w i l l  be made a t  a later date. The e f f e c t s  which have 
been u t i l i z e d  include u l t rasonic  presrrzre ( R e f .  6) and magnetostricture 
systems (Ref. 7). 
modulators t l t i l i z ing  Zeeaun o r  Stark e f f ec t s ,  o r  employing double resonance 
techniques t o  e f f e c t  direct  modulation of t h e  l a s e r  leve l  populations. 

L i t t l e  i f  any experimental da ta  i s  ava i lab le  concerning 
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5.2 CARRIER DMODUUT ION 'JXCHNIQUES 

i 

An ove ra l l  w a l u a t h n  of l ight  detect ion devices f o r  o p t i c a l  cananmi- 
ca t ions  may be made on %he basis  of s ens i t i v i ty ,  spec t ra l  response, and 
response t i m e .  
mul t ip l ie rs ,  t rave l ing  wave phototubes, PN junctions, and photoconductors. 
Thermal de tec tors  exhib i t  a f l a t  uniform response throughout the  o p t i c a l  
and IR spectrtnn and have f a i r  s ens i t i v i ty .  
g rea t e r  than 1 m i l l i - s e c  M) that they must be ruled out in most instancer.  
Photo mul t ip l i e r s  ami t rave l ing  wave phototubes have excel lent  r e n s i t i v i t y  
i n  the  v i s i b l e  region of the epectr=rm and can be made with a large detector  
area. 
frequency response can be extended i n t o  the  microwave  region f o r  both the  
photo mul t ip l i e r  (Ref. 8) or photodiode, but generally the t rave l ing  wave 
phototube w i l l  be necessary t o  demodulate very broadband aigrule (Ref. 9). 
A t  wavelengths longer than 1 . 2 ~ ,  pn-junction devices must be r e l i e d  upon 
as high frequency response is cecessary (Ref. 10). 
de tec t ion  area fs qui te  s m a l l  so t h a t  o p t i c a l  alignment can become a severe 
problem. 
response time 00.1 p sec.). 

The var ioas  types ava i lab le  include thermal, photo- 

However, the response t h e  is 

The power d ra in  is -11 but high vol tage suppl ies  are required. The 

Unfortunately, t h e  

Photoconduetors b v e  a la rger  surface area b3t a much slower 

Most of t h e  above mentioned de tec tors  can act only a s  danodulators 
Figure 5.3 shows the  phototube used 

The 
f o r  an in t ens i ty  modulated signal. 
as a demodulator f o r  frequency modulated coherent l i g h t  (Ref. 11). 
d ispers ing  prism converts t h e  FM t o  ray-angle modulation and hence pos i t ion  
modulation on the  photo-cathode. 
beam gives rise t o  the exc i ta t ion  of a t ransverse wave which can be 
appropriately amplified and detEcted. 

The r e su l t i ng  modulation of the e lec t ron  

Although l i g h t  de tec tors  capable of microwave response exist, they a re  
s t i l l  i n  a state of ea r ly  development. Furthermore, there  is  a severe lack 
of large surface, f a s t  de tec tors  i n  the infrared region. A heterodyne system 
has been proposed (Ref. 12) which would pernit s h i f t i n g  subcarr ier  modulation 
dcwn from the  microwave range before de tec t iun  and thus permit the use of 
de t ec t c r s  which operate only up t o  W. Figure '3.4 shows a black diagram 
of the  taterodyr,e demdda:ifon of an i n t e c s i t y  modulated beam. 
of infoxmation could be car r ied  on a s ingle  l i g h t  beam i f  mcl t iplex techniques 
were used i n  conjGnction with the heterodyne system. 

Many channels 

The many m3~11rition msttisds of representing daza breakdown in to  three 
e s s e n t i a l  forms. 
a conticuously var iab le  modulation parameter. A second technique involves 
t i m e  qwnt i t izaCion  with crjr-tinuous modulation prraaetere .  
character ized by qrrantfaing time and allowing the  source s igna l  t o  take on 
only a d i sc re t e  s e t  of pcssible  values. 

The first type transforms P source s igna l  waveform in to  

The t h i r d  type is 
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1 .  

Time 

DATA M O D U T  ION TECHNIQUES 

T-me I Type I1 Type  I11 

Continuous Quantized Quanti zed 

Modulation Parameter 
(4- lit d e ,  Frequency, 
Phase, E tc . )  Cont inmas Csnt fnuous Quantized 

Examples a, AM PAM, PFM PCM 

The Type 11 and Type 111 modulation techniques provide a grea te r  
amount of rystem f l e x i b i l i t y  than the Type I techniques since time 
multiplexing w i l l  allow tke shu l t an toue  transmission of data from several  
dources. The Type I11 systems of fer  the advantage tha t  data is in a form 
ru i t ab le  f o r  automatic data processing. 

1) Type I Modulation Systems 

With Type I Syrtamr the p a r m e t e r r  of a rinuroidol c a r r i e r  wave- 
form are var ied i n  accordance with the information being tranmaittcd. Fre- 
quency div is ion  multiplexing in which frequency reparated modulated sub- 
c a r r i e r r  are added together t o  modulate the  c a r r i e r  is porbible with Type I 
syatemr. However, its use provider a r e l a t i v e l y  -11 number of comamica- 
t i o n  channels because of the equipment complexity involved i n  providing 
negl ig ib le  channel crosa- ta lk  and good comnunication eff ic iency fo r  
large nunbets of channels. 
the  apace data l i nk  user with equipment which i s  eas i ly  modifiable t o  
e f f i c i e n t l y  allow f o r  changes i n  subcarr ier  channel bandwidths and number 
of s igna l  channels. 

Frequency multiplexing a l so  does not provide 

2) Type 11 Modulation Systems 

Th Type I1 systems a sample from a s ignal  source is used t o  modulate 
The earp ier  parameters f o r  Type 11 a carrier waveform f o r  the  sumple period. 

sy r t aas  are not l imited t o  the frequency, phase, and amplitude parameters 
of Type I systems, but may u t i l i z e  other  var iab les  such a8 pulse pos i t ion  o r  
pulre duration. With Type I1 systems, the carrier wavefsrms must have the  
capab i l i t y  of a high signal-to-noise r a t i o  a t  the receiver  and the  waveforms 
must be chosen so that transmitted ample  values do not in t e r f e re  with one 
another. 

3) Type I11 Modulation Syetema 

The only d i f fe rerne  between T-ype I1 an? Type I11 systems is t h a t  
i n  the lat ter the  modatt . ion parmeter i s  constrained to a d i sc re t e  set of 
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values ra ther  than being continuous as is t h e  case with Type I1 syrtemr. 
In theory any nI1ppber of di rcre te  waveforms could be u t i l i zed  t o  tranrmit 
information, but t he  only prac t ica l  Sy6tem devised is t h a t  i n  which only two 
waveforms are employed. 
ca l led  pulse code modulation 8yEtaIUS. 

Such systems that u t i l i z e  binary waveforma are 

Digi ta l  data tranmnirrion i r  rapidly becoming the rtandard fo r  apace 
telemetry. 
informmtion b i t  trmmitted, the general accuracy, f l e x i b i l i t y  and 
r e l i a b i l i t y  are among the  teaions accounting f o r  the  wide application of 
d i g i t a l  techniquer . 

The improved efficiency of power and bandwidth u t i l i ced  per 
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'13c i w e s t i p '  : -7. of t . - ~  ~hysic.a: aspects of l a se r  modulation 
hzs shrm' ;hat phase GT fr:?qLE.-.j mc~iCLLa*i-m k.-s r-t. developed t o  such 
an extent  thak  it can Le pr'+s*r:l:~ consldcred f . ~  a l a se r  coimunication 
system. Hwcvet, i q rwew- tCs  i n  laser zxmdw;ati3n technology should 
provide ghasa and frrequem-y mrxhii';ation i n  the near future,  Fgr the  
present, the designer w i l l  have availa513 only techniques of amplitude 
and pulsp, osduiation. 

Table 5.1 i?-lust-atcs t h e  prssenb pclssibZe laser n??dt la t im methods. 
In  the case of iaser a q l z t i d e  a.7dLeation, a n a l ~ g  data c m .  Se represented 
i n  s tmdard  A M  form fo r  carrier 7.cd~Laticc QT i n  amplitude 01: angle form 
w i t s  subcarriers.  Dig i ta i  data i n  pulse code mah ia t ion  form can be used 
t o  amplitude modulate t h e  ca r r i e r  or subcarrier.  
da ta  can t e  plsced i n  a freqdency s h i f t  keying or phase s h i f t  keying mode 
on t h e  s t r 5 c  a r - ie r .  

In  addition, the PCM 

The pahe mcAulatSsn nethods car. be rscegcnzed icl: s three types 
far ana'-og data-pul se amplit%Jds Itixlolatlon, pulse duration r d u l a t i o n ,  
and prrlse p o s i t i o n  modu1a'li;c. For digit.,*l d a m  i n  PCM fcrm, the same 
three c a r r i e r  modulation inethods a r e  emplbqed. 

With the choices of modulation methods given i n  Table 3.1, the 
se l ec t ion  of the '%est" modulation method for a cmmunicaticm system is 
esser-t.ial1y a selection of the mdmLnr.ion methcd tha t  ean p r w i d e  the 
highest  f i d e l i t y  of transmission for  a given transmission pmer  and rate .  
This s e l e c t i a  must, of coisrse, be made under the r e s t r i c t i o n s  of the 
cmpiex i ty  of the modulatio3 and demodulation equipment. In  arder t o  
evaluate the various mdula t ion  systems, the charac te r i s t ics  of the 
channel must be specified.  If the channel disturbances can be repre-  
sented by White Gaussian noise, a canparison of the modulation systems 
can be r ead i ly  made. 

The transuiiesion of data  i n  d i g i t a l  form o f fe r s  a subs tan t ia l  
i r c r ease  ir, the transmission f ide l i ty .  
amplitude mcduiation the choice of m d k f a t i m  is  between amplitdde, 
frequency, and phase modulation us ing  subcarr ier  techniques. Of the 
three p o s s i b i l i t i e s  phase s h i f t  keying of the  subcarr ier  provides the 
m i n i m  prcbabi l i ty  of transmission error. For the pulse modulation 
methods PPM results i n  %he smallest error prsbabi l i ty .  For typ ica l  
systems che s i g n a l - t o a o i s e  r a t io  of a PPM system w i l l  be about 10 db 
higher than that of a zanparable PAM system. 

With a d i g i t a l  data  system and 
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PULSE MODULATION METHODS 

Data 

A M 1  og 

Digital 

AMPLITUDE MODULATION METHODS 

1 Carrier I Subcarr ier  I 
Modulation Modulation 

AM AM/m 
FM/Ai": 
pT.l/le;l 

PCM/AM PCM/AM/AX 
PCM/FSK/.Y*I 
PCM/PSK/A;; I 

Data 

Analog 

Carrier 
Modulation 

PAM 
PDM 
PPM 

I 

1 I 
PCM/PAM 
PCM/PDM 
PcM/PPM 
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5.5 DATA STORAGE LIMITATIONS ON TECHNIQUES 

I , 

Many layman's (and s c i e n t i f i c )  a r t i c l e s  make claims l i k e  "the 
e n t i r e  b ib l e  can be transmitted i n  a f r ac t ion  of a second on a s ing le  
laser burst." 
def ic iencies  of l asers ,  but from the physical l imi ta t ions  of t h e  peri- 
pheral equipment of a l a se r  comnunication system, 

In general such &aims a r e  f a l s e  not so much from 

I f  a l a s e r  burst  systemwith one millisecond bursts  a t  a one 
second r epe t i t i on  r a t e  is  postulated fo r  one frame per second TV, each 
burs t  would have to carry 1.25 x 106 b i t s  of information i n  a f ine  b i t  
PCM code. The modulatisn bandwidth fo r  t h i s  amount of data i s  w e l l  
wi thin the l imi ta t ions  of the laser.  
would have t o  be col lected and s tored i n  the t ransmit ter  dead time of 
nearly one second and then rewnred from storage and transmitted i n  one 
millisecond. 
again be one millisecond. The s torage r a t e  for  such an operation of 
1.25 x 109 bits /sec.  i s  w e l l  beyond the s ta te -of - the-ar t  for  s torage 
media, 
of capacity for feas ib le  storage systems. 
ments a r e  indicated by cross. 

However, for t h i s  system the  data  

A t  the receiver  the co l lec t ion  and storage t i m e  would 

Figure 5.5, due t o  Rajchman (Ref. l3), i l l u s t r a t e s  t h e  l i m i t s  
The example storage require-  

The question then arises as t o  what is a feas ib le  l i m i t  fo r  the 
amount of information car r ied  i n  a l a se r  pulse tha t  can be s tored by a 
present ly  avai lable  s torage unit. From Figure 5.5 it can be seen t h a t  
t he  maximum storage rate per b i t  w i l l  be 0.8 ps for  1s b i t s  fo r  a 
core  memory, For a mill isec.  l aser  burs t  the number of information 
b i t s ,  N, w i l l  be 

= 1,250 b i t s  10-3 sec, N =  
0.8 x sec./bit  

With a 50 nano-second tunnel diode memory 
improved. In t h i s  case N w i l l  be 

the s i t u a t i o n  is  somewhat 

= 20,000 b i t s  10-3 sec. 

50 x lo9 sec./bit 
N =  

The information rates tha t  have been computed can be referenced 
to the  typ ica l  data  rate requirements given i n  the Systems and Operations 
Analysis Section. 

I 
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